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1 .  PROJECT  ABSTRACT 

In  this  project,  we  developed  accurate  and  approximate  methods  for 
calculating  cross  sections  of  elementary  reactions.  These  methods  were 
applied  to  systems  of  importance  for  the  fundamental  aspects  of  chemical 
dynamics  and  for  advanced  technologies  of  interest  to  the  United  States 
Air  Force.  The  applications  included  calculations  of  three-atom  exchange 
reactions,  break-up  and  three-body  recombination  collisions  and  vibrational 
quenching  by  reaction.  These  calculations  improved  our  understanding  of  such 
processes  and  permitted  an  assessment  of  some  approximate  methods. 


2- 


2.  HYPERSPHERICAL  COORDINATES  IN  COL LI NEAR  ATOM-DIATOMIC  COLLISIONS 

Prior  to  our  development,  as  part  of  this  project,  of  the  hyperspherical 
coordinate  method  for  performing  accurate  quantum  mechanical  calculations  of 
col  linear  atom-diatom  reactions,  a  variety  of  other  methods  had  been  invented 
While  those  methods  had  been  successful  in  studying  a  number  of  interesting 
systems,  they  could  not  be  used  for  two  important  classes  of  reactions:  those 
in  which  a  light  atom  is  transferred  between  two  heavy  ones,  and  those  above 
the  threshold  for  collision-induced  dissociation. 

The  method  of  hyperspherical  coordiantes  we  developed  was  applied  to  a 
variety  of  systems  of  this  and  other  types,  and  compared  in  several  instances 
to  the  results  of  quasi-classical  trajectory  calculations.  The  results  of 
these  calculations  and  their  significance  is  described  in  a  series  of  nine  papers. 
Four  of  these  have  been  published  recently  and  the  other  five  are  in  draft 
stage,  being  readied  for  publication.  Reprints  or  preprints  of  all  nine 
are  included  in  section  8  ,  at  the  end  of  this  report.  We  summarize  here, 

very  succinctly,  these  results. 

2.1  Hyperspherical  Coordinates  in  Quantum  Mechanical  Coll  inear  Reactive 
Scattering.  In  this  paper  we  describe  the  methods  and  the  results  of  its 
first  application.  The  system  chosen  was  H  +  Hg,  and  the  calculations  are 
shown  to  be  in  excellent  agreement  with  results  obtained  previously  by  other 
methods.  They  were  extended  to  energies  significantly  higher  than  in  the  past, 
and  dynamic  quantum  resonance  effects  were  shown  to  persist  to  high  energies 
and  high  vibrational  states.  In  addition  to  being  accurate,  the  method  was 
shown  to  be  more  efficient  than  previous  ones. 

2.2  Collinear  Quantum  Mechancial  Probabilities  for  the  I  +  HI  -*■  IH  +  I 
Reaction  Using  Hyperspherical  Coordinates.  In  this  paper,  the  exchange  of  a 

H  atom  between  two  I  atoms  is  considered.  This  is  an  extreme  case  of  a 


heavy- light -heavy  mass  combination,  for  which  no  other  method  has  produced 
satisfactory  results.  We  show  that  in  spite  of  the  small  skew  angle  7 °) 

in  this  system,  the  hyperspherical  coordinate  approach  is  very  efficient 
and  leads  to  accurate  results.  The  resulting  reaction  probabilities  show 
an  oscillatory  dependence  on  the  energy,  which  is  qualitatively  reproduced 
by  corresponding  quasi-classical  trajectory  calculations.  In  addition, 
they  desplay  resonance  behavior,  which  depends  very  strongly  on  the  details 
of  the  potential  energy  surface  in  the  strong  Interaction  region,  and  which 
can  be  modeled  by  a  vibratlonally  adiabatic  description. 

2.3  Quantum  Mechanical  Coupled-Channel  Collision-  Induced  Dissociation 
Calculations  with  Hyperspherical  Coordinates.  In  this  paper  we  indicate  how 
accurate  collision-induced  probabilities  can  be  calculated  in  competition 
with  exchange  reactions,  using  hyperspherical  coordinates.  The  method  is 
applied  to  a  simple  system,  and  shows  rapid  convergence  properties.  These 
probabilities  are  strongly  enhanced  by  vibrationally  exciting  the  reagent, 
and  their  dependence  on  collision  energy  is  mimicked  rather  well  by  quasi- 
classical  trajectory  calculations. 

2.4  Mass  Effect  in  Quantum  Mechanical  Collision-Induced  Dissociation 
in  Collinear  Reactive  Atom-Diatomic  Molecule  Collisions,  I,  Symmetric 
Systems.  The  calculations  of  the  previous  paper  are  extended  to  a  variety 

of  mass  combinations,  including  heavy-light-heavy,  light-heavy-light  and  light- 
light-light  systems.  Collision-induced  dissociation  is  shown  to  be  greatest 
in  the  light-heavy-light  system  and  least  in  the  heavy-light-heavy  one.  Rate 
constants  for  collision-induced-dissociation  and  for  the  competing  exchange 
reaction  channel  are  given  and  their  temperature  dependence  is  examined, 

2.5  Collinear  Quasi-Classical  Trajectory  Study  of  Collision-Induced 
Dissociation  on  a  Model  Potential  Energy  Sruface.  These  quasi-classical 
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studies  include  the  calculation  of  the  partitioning  of  the  energy  of  the  system 
among  the  three  atomic  fragments,  for  subsequent  comparison  (see  paper  2.6) 
with  the  corresponding  quantum  results.  We  report  the  formation  of  well 
defined  reactivity  bands  for  collision-induced  dissociation  and  show  that  the 
absence  of  such  a  process  at  low  collision  energy  for  ground  state  reagent  is 
correlated  with  the  absence  of  the  simplest  kind  of  dissociative  trajectory, 
which  occurs  when  the  reagent  is  vibrationally  excited.  The  observed  reactivity 
bands  explain  some  interesting  features  of  the  final  kinetic  energy 
distribution  functions. 

2.6  Partitioning  of  Kinetic  Energy  Among  Reaction  Products  in 
Collision-Induced  Dissociation  in  Coll  inear  Atom-Diatomic  Molecule  Collisions 
from  Quantum  and  Classical  Mechanical  Calculations.  The  method  for  calculating 
the  distribution  of  the  kinetic  energy  among  the  dissociation  fragments  using 
quantum  mechanics  is  presented  and  applied  to  the  same  system  considered  above 
(paper  2.5).  By  microscopic  reversibility  these  formulas  are  easily  applied 

to  three-body  recombination  processes.  These  distributions  have  a  much  less 
irregular  structure  than  the  quasi-classical  ones. 

2.7  Quasl-Classical  Trajectory  Analysis  of  Reactive  and  Non-reactive 
Deactivation  in  the  Coll  inear  Cl  +  HC1  System.  We  performed  quantum  cal¬ 
culations  which  show  that  there  is  near  equivalence  of  the  probabilities 

and  rates  of  reactive  and  non-reactive  deactivating  processes  in  collisions  of 
vibrationally  excited  HC1 .  This  near  equivalence  is  interpreted  using  quasi- 
classical  trajectories  for  this  system.  We  find  that  most  vibrational  deacti¬ 
vation  occurs  near  the  boundary  between  regions  of  reactive  and  non-reactive 
trajectories  In  the  final  action  versus  initial  vibrational  phase  plots. 

The  trajectories  involved  in  these  highly  non-adiabatic  collisions  more  or 


less  follow  the  symmetric  stretch  line  for  a  period  of  time.  We  believe  that 
this  equivalence  between  reactive  and  non-reactlve  deactivating  processes  will 
be  a  feature  of  any  symmetric  heavy-light-heavy  system. 

2.8  Collinear  Quantum  Mechanical  Probabilities  and  Rate  Constants  for 
the  3r  +  HC1  (v=2,3,4)  Reaction  Using  Hyperspherical  Coordinates.  We  find  that 
removal  of  HCl(v)  occurs  mainly  by  the  reactive  channel, leading  to  the  nearly 
degenerate  HBr  (v-2)  state.  The  probabilities  of  multi-quantum  transitions 

in  non-reactive  collisions  and  of  reactive  transitions  to  all  but  the  near¬ 
degenerate  HBr  level  are  low,  and  the  probabilities  of  reactive  and  non-reactive 
transitions  to  near-degenerate  final  states  are  nearly  equal.  These  results 
can  be  understood  on  the  basis  of  classical  trajectories,  in  analogy  to  the 
discussion  in  paper  2.7. 

2.9  Hyperspherical  Coordinates  in  Collinear  Atom-Diatomic  Molecule 
Collisions:  Convergence  Properties.  In  this  paper  we  present  a  study  of  the 
convergence  properties  of  the  hyperspherical  coordinate  method.  In  par¬ 
ticular,  state-to-state  reaction  probabilities  and  the  phases  of  scattering 
matrix  elements  are  examined  as  a  function  of  the  number  of  basis  functions 
and  the  distance  at  which  the  wave  function  is  projected  from  a  hyperspherical 
coordinate  basis  onto  a  cartesian  coordinate  one,  prior  to  the  asymptotic 
analysis.  The  probabilities  and  phases  are  found  to  converge  very  rapidly 
with  the  size  of  the  basis  set,  making  this  a  computationally  efficient  method. 


In  addition  to  the  results  reported  in  these  nine  papers,  we  have 
initiated  computational  studies  of  the  hyperspherical  coordinate  method 
using  a  diabatic  basis  function  as  opposed  to  the  step-wise  diabatic  repre¬ 
sentation  used  in  the  calculations  reported  so  far.  We  have  also  initiated 
a  calculation  of  streamlines  from  the  hyperspherical  coordinate  scattering 
wave  functions.  These  studies  are  continuing  and  will  be  reported  at  a 
later  time. 


3.  COLLINEAR  QUANTUM  MECHANICAL  STUDY  OF  THE  REACTIONS  H  +  FH,  D  +  FH  AND  H  +  FD 
In  this  section  we  present  the  results  of  quantum-mechanical  coupled- 
channel  calculations  for  the  coll  inear  systems 

H'  +  FH(v )  H'F  (v * )  +  H  ,  H'  +  FH(v') 

D  +  FH(v )  -  DF(v')  +  H,  D  +  FH(v') 

H  +  FD(v)  -  HF(v')  +  D,  H  +  FD(v') 

Detailed  knowledge  of  the  kinetics  and  dynamics  of  the  HF/DF  laser  syste 
important  if  one  is  to  successfully  understand,  model  and  improve  its  qjeration, 
and  the  studies  performed,  in  addition  to  their  fundamental  interest,  were 
aimed  at  shedding  some  light  on  this  kinetics. 

Enclosed  at  the  end  of  this  report  are  drafts  of  three  papers  on  this 
topic,  in  near  final  form,  being  prepared  for  publication.  A  brief  summary 
is  given  here. 

3.1  Quantum  mechanical  collinear  calculation  of  the  reactions 
D  +  FH(v  =  0  -  2)  -  DF(v')  +  H  and  H  +  FD(v  *  0  -  3)  -►  HF(v')  +  0  on  a 
realistic  potential  energy  surface.  This  paper  examines  these  exchange 
reactions  on  a  potential  energy  surface  having  a  realistic  barrier  of 
40  kcal/mole.  Particular  attention  is  focused  on  the  effectiveness  of  recent 
vibrational  excitation  in  promoting  these  reactions.  It  is  shown  that  the 
decrease  in  their  activation  energies  is  less  than  the  added  vibrational 
energy.  Many  aspects  of  their  dynamics  can  be  understood  in  terms  of  a  one¬ 
dimensional  vibrationally  adiabatic  model. 
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3.2  Collinear  quantum  mechanical  calculations  on  the  systems 
HF(v)  +  H  and  HF(v)  +  D  on  a  realistic  potential  energy  surface.  In  this 
paper  we  present  results  for  reactive  and  non-reactive  processes  on  the 
40  kcal/mole  barrier  surface  of  the  previous  paper.  A  wide  variety  of 
dynamical  properties  of  these  systems,  including  state-to- state  transition 
probabilities,  activation  energies  and  reaction  product  state  distributions 
were  calculated.  Non- reactive  processes  were  found  to  be  the  predominant 
ones,  and  the  corresponding  dynamics  are  understandable  in  terms  of  a  simple 
Landau-Teller  model  of  vibrational -to-translational  energy  transfer. 

3.3  Barrier  height  dependence  of  dynamics  in  the  collinear  H  +  FH(v) 
and  D  +  FH(v)  systems.  In  this  paper  we  present  the  results  for  reactive 
and  non-reactive  processes  on  six  different  potential  energy  surfaces  which 
have  barrier  heights  to  exchange  in  the  range  of  1.5  to  40  kcal/mole.  We 
analyse  the  effect  of  barrier  height  on  the  following  dynamic  properties: 
the  rates  and  mechanisms  of  vibrational  deactivation,  the  effect  of  reagent 
vibrational  excitation  on  reaction  probability  and  product  state  vibrational 
distribution  and  the  importance  of  dynamical  resonances. 


* 


># 


* 
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4.  SYMMETRIZED  HYPERSPHERICAL  COORDINATES  FOR  THREE-DIMENSIONAL  QUANTUM 
MECHANICAL  REACTIVE  SCATTERING  CALCULATIONS 

This  is  an  extension,  to  three  dimensions  (3D)  of  the  method  used 
successfully  for  coll  inear  systems  described  in  Section  2.  In  the  coll  inear 
case,  hyperspherical  coordinates  have  permitted  the  study  of  heavy-light- 
heavy  systems  and  of  collision-induced  dissociation,  not  possible  by  other 
methods,  and  has  been  a  much  more  computationally  effective  method  for  other 
reactive  scattering  calculations  which  can  be  studied  by  alternative  methods. 
It  is  expected  that  the  extended  3D  method  will  display  equivalent  advantages. 
To  describe  the  progress  achieved  in  this  extension,  let  us  summarize  the 
method . 

Given  a  system  of  N  particles,  it  is  possible  to  define  in  the  internal 
configuration  space  of  dimensions  3 (N-l )  a  hyper-radius  p  and  a  set  of  3N-4 
hyperangles  n-j,  ....  in  terms  of  which  the  hamiltonian  of  the  system  can 

be  written  as 


H(p,n) 

\j 


3N-4 


3  3N-4 

3p  p 


/NO 

♦ 

2yp^ 


V(p„q) 


P2 

where  u  is  an  overall  reduced  mass  for  the  system  and  is  a  generalized 
angular  momentum  operator  which  depends  on  the  set  ^  e  (n-j  ....  of 

hyperangles. 

The  3 (N-l )-dimensional  nuclear  motion  Schrddinger  equation  for  an 
N-atom  electronically  adiabatic  system  can  be  written  in  these  coordinates  as 


H(p»q)  iKp»,q)  =  E'MPjJJ) 


In  order  to  solve  It,  we  define  a  surface  hamiltonian  h(p;^)  by  the  expression 

h(p;j q)  =  +  V(p,jq) 

2up 

A 

This  is  the  portion  of  H  obtained  by  "freezing"  p.  The  surface  hamiltonian 
contains  differential  operators  in  the  hyperangles  but  not  in  the  hyper¬ 
radius  P,  which  therefore  appears  only  parametrically.  We  define  the  local 
surface  eigenfunction  4>n0j;p)  by  the  equation 


A 

h(n;p)  <frnGj;p)  *  en(p)  4>n  Oj;p) 


where  0n(fl',p)  is  required  to  be  regular  everywhere  on  the  p  =  constant  hyper- 
sphere.  The  symbol  n  denotes  a  collection  of  quantum  numbers  needed  to 
uniquely  specify  <f>^.  The  quantities  e^(p)  are  the  corresponding  surface 
eigenvalues,  and  the  curves  of  e  versus  p  are  the  generalization  to  polyatomic 

Kj 

systems  of  the  Bron-Oppenheimer  potential  energy  functions  for  diatomic 
molecules.  For  any  finite  value  of  p,  no  matter  how  large,  the  (j>  (jq;p)  form 

Of 

an  infinite  discrete  complete  orthonormal  basis  set  in  the  hyperangles  jj.  As 
p  -►  ®,  these  surface  eigenfunctions  correlate  with  the  sets  of  atoms  or 
molecules  into  shich  the  N-atom  system  can  be  partitioned,  i.e.,  the  several 
possible  arrangement  channels  for  the  system.  We  can,  as  a  result  of  these 
considerations,  expand  the  unknown  wave  function  ip  (p,q)  in  the  surface  function 

basis  set  <pn  everywhere  in  configuration  space.  The  coefficients  of  this 

a, 

expansion  will  depend  on  the  single  variable  p,  and  will  satisfy  a  set  of 
coupled  ordinary  differential  equations  in  this  variable. 


To  partially  decouple  these  equations  and  decrease  the  numerical  effort 
in  their  solution,  it  is  convenient  to  adopt  a  partial  wave  expansion.  Let 
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and  J2  be  the  total  system  angular  momentum  operator  (excluding  spin)  and 

its  component  along  a  laboratory-fixed  z-direction.  We  first  expand 

1M  ^  A9  ^  0 

in  the  simultaneous  eigenfunctions  ^  (p,^i)  of  H,  J  and  0z,  where  J(J+l)li 

and  MR  are  the  eigenvalues  of  the  last  two  operators,  respectively.  The 
1M 

surface  functions  C  (jup)  are  then  defined  as  simultaneous  eigenfunctions  of 
J  and  Jz,  and  the  ip'  (p ,jq)  is  expanded  in  the  ^  (p;^j).  Either 
body-  or  space-fixed  coordinates  can  be  used  to  define  the  angles 

Let  us  consider  a  triatomic  system  A  +  BC,  in  which  is  the  position 
vector  of  A  with  respect  to  the  center  of  mass  of  BC  and  ^  is  the  position 
vector  of  C  with  respect  to  B.  Let  6^,  4>athe  polar  angles  of  in  a  lab¬ 
oratory-fixed  frame  and  y^,  the  polar  angles  of  £a  in  a  body-fixed  frame 
whose  z  axis  is  along  J^.  In  this  case,  the  body-fixed  hyperangles  are: 

n  =  w  ,  0  ,d>  ,  y  ,4* 

M  a’  a  ’  ya  'a  Ta 

where  wa  is  an  angle  between  0  and  ^  defined  by 

r 1 

-i  a 


oj  —  2  tan  q 
a  R 


a 


R 1  =  (--ML-  )  A  R 

a  v  yBC  01 

U  or  V** 
r-  =  ( - «C_  }  r 

a  VA,BC 


The  hyper-radius  is  then  defined  by 


p  =  (R*2  +  r*2  )h 

a  a 


The  6  hyperspherical  variables  p,  w  ,  9  ,  <J>  ,  y  ,  ^  span  the  6D  configuration 

Li  Li  Li  Li  ^-i 

space  of  the  problem.  The  total  angular  momentum  operator  depends  only  on 

9  ,  4>  ,  Oj  whereas  the  potential  function  only  on  p,  w  ,  y  .  It  is  now 

a  ya  ya  r  a  a 
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convenient  to  expand  i|^  and  4uM  according  to 

Ki 


w 

(p^)  =  (V  ea*  V  4  (p»VYaJ 

Q=-J 

J 

^n  =  ^  °Mfi  ^a’  6a’  ^  *JJ^“a*Ya;p^ 


where  the  Dj^  are  Wigner  rotation  functions.  In  order  to  determine  the  surface 
functions  <jy,M  (n;p)  it  suffices  to  determine  the  coefficients  <j>pfi(a>  ,y  ;p) 
which  we  shall  /.D  surface  functions.  They  satisfy  coupled  equations  of 
the  type 


J.ft+l 


!,a-i  (Wp)  *xta  <VVP>  +  Kn.nn(VVp)  *j» 


=  eJ  (p)  4>iQ 
A)  % 

/v  j  1 

where  3Cfi  ^  and  JEgfflare  appropriate  differential  operators.  Once  these  2D 

eigenfunctions  <j£n(u>  y  ;p)  and  the  corresponding  eigenvalues  eJ  (p)  are  obtained, 
A!  a  a  A) 

we  expand  the  3D  functions  (jy,  (p,w  ,y  )  and  obtain  for  each  J  a  second  order 

matrix  differential  equation  for  the  coefficients  of  this  expansion  in  the 

only  remaining  variable  p.  From  their  solution,  we  obtain  the  scattering 

matrices  and  the  differential  and  integral  cross  sections  for  the  collision 

process  being  considered. 

So  far,  all  of  the  steps  of  this  computational  scheme  have  been  pro¬ 
grammed  for  the  H  +  Hg  reaction  and  the  J=0  partial  wave.  In  view  of  the 
Cjv  permutation  symmetry  of  this  system,  further  decouplings  are  permitted 
by  considering  the  solutions  of  class  A-j ,  and  E  separately.  The  results 


t  — .  m 
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obtained  to  date  are  as  follows: 

a.  Two  independent  methods  for  obtaining  the  surface  functions  were 
developed,  checked  against  each  other,  and  shown  to  give  the  same 
results. 

b.  The  coupled  differential  equations,  in  p  were  solved  for  each  of  the 
classes  A-j,  ^  and  E  and  the  corresponding  scattering  matrices 
were  calculated, 

c.  From  a  calculation  for  this  system,  done  some  years  ago  in  this 
laboratory  by  an  entirely  independent  "matching"  method,  the  same 
symmetry- specific  scattering  matrices  were  calculated. 

d.  The  results  of  the  "hyperspherical "  and  the  "matching"  methods  were 
compared.  They  gave  equivalent  absolute  values  for  the  scattering 
matrix  elements  but  different  phases.  Since  these  phases  affect 
the  values  of  the  cross  sections,  we  are  currently  tracking  down 
the  source  of  this  difference.  Once  it  is  found,  the  J=0  program 
will  be  considered  operational.  The  only  remaining  step  will  be 
the  generalization  of  the  program  for  J  f  0,  which  is  fairly 
straightforward. 

In  spite  of  the  large  amount  of  effort  involved  in  implementing  this 
3D  reactive  scattering  procedure,  all  the  indications  so  far  are  that  it  will 
lead  to  a  significant  improvement  in  efficiency  over  alternate  accurate  com¬ 
putational  methods  and  permit  applications  to  other  reactive  systems 
such  as  the  important  Cl  +  Hg  ,  F  +  ^  ones. 


J 

.  j 
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5.  THREE-DIMENSIONAL  QUANTUM  MECHANICAL  REACTIVE  SCATTERING  BY  THE  MATCHING 
METHOD 

We  have  previously  developed  a  method  for  performing  accurate  three- 
dimensional  reactive  scattering  calculations  for  triatomic  systems.  Let  the 
three  atoms  be  A,  B,  and  C.  The  method  consists  of  integrating  the  Schrodinger 
equations,  starting  out  independently  from  the  3  separate  arrangement  channel 
regions  A  +  BC,  B  +  AC  and  C  +  AB  and  proceeding  into  the  strong  interaction 
region  in  which  A,  B,  and  C  are  all  close  to  one  another.  These  three  solutions 
are  then  linearly  combined  to  match  one  another  smoothly.  This  method  was 
applied  to  the  H  +  H£  system,  yielding  the  only  accurate  3D  reactive  differ¬ 
ential  cross  sections  published  so  far  [A.  Kuppermann  and  G.  C.  Schatz,  J. 

Chem.  Phys.  62,  2502  (1975);  G.  C.  Schatz  and  A.  Kuppermann,  ibid,  4642  (1976)]. 
The  computer  program,  originally  written  for  systems  composed  of  three  identi¬ 
cal  atoms,  was  then  modified  to  permit  calculations  for  systems  of  the  type 
A^,  in  which  only  two  of  the  three  atoms  are  required  to  be  identical.  These 
include  H2D,  H2F  and  HgCl .  Because  of  the  complexity  of  the  original  program, 
and  its  extensive  utilization  of  symmetry  properties  for  purposes  of  maximum 
computational  efficiencty,  these  changes  are  rather  subtle  and  pervasive.  This 
modified  code  was  extensively  tested  during  the  course  of  this  project  by  using 
it  to  perform  calculations  of  the  H  +  Hg  system,  for  which  accurate  results  using 
the  original  code  are  available.  These  two  codes  yielded  the  same  answers. 

We  then  proceeded  to  perform  extensive  convergence  calculations  for  the  H2D 
system  at  total  angular  momentum  J  equal  to  zero.  The  results  of  these  studies 
indicated  an  erratic  behavior  with  respect  to  the  number  of  channels  used  in 
the  coupled-channel  expansions  and  other  numerical  parameters.  This  behavior 
was  very  difficult  to  rationalize.  After  appreciable  effort,  it  was  traced  to 


! 


an  accidental  interchange  in  the  program  between  the  masses  of  atoms  A  and  B. 
When  applied  to  the  Hg  system,  this  error  went,  of  course,  undetected.  Once 
it  was  identified  and  corrected,  the  J=0  results  for  DH2  showed  the  same 
degree  of  convergence  and  accuracy  as  the  H3  ones.  Equivalent  studies  were  then 
initiated  for  the  JX3  case  and  are  being  continued.  This  program  is  expected 
to  yield  the  first  accurate  3D  information  on  isotope  effects  for  reaction  cross 
sections  on  highly  quantum  systems.  These  results  will  permit  a  very  careful 
test  of  isotope  effect  theories  for  state- to-state  cross  sections,  which  will 
be  useful  for  related  systems  such  as  HgF  and  H^l.  They  should  also  permit 
a  test  of  the  accuracy  of  other  approximate  methods,  such  as  several  angular 
momentum  decoupling  schemes  and  distorted  wave  approximations,  which  are 
applicable  in  principle  to  more  complex  systems. 


6.  METHODS  FOR  QUANTUM  MECHANICAL  REACTIVE  SCATTERING 

A  chapter  for  a  book,  describing  the  methodology  and  results  of  the 
past  reactive  scattering  calculations  performed  in  our  group  (excluding  the 
hyperspherical  coordinate  method)  was  written  [A.  Kuppermann,  in:  Theoretical 
Chemistry:  Advances  and  Perspectives,  Volume  6A,  D.  Henderson,  Ed.  (Academic 
Press,  New  York,  1981),  Chap.  2,  pp.  79-164]  and  a  reprint  is  included  in 
section  8, 
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7.  PROFESSIONAL  PERSONNEL 

During  the  period  covered  by  the  present  report,  the  following  per¬ 
sonnel  were  associated  with  work  of  the  project. 

1.  Aron  Kuppermann,  principal  investigator. 

2.  Dr.  Joseph  K.  C.  Wong,  three-dimensional  reactive  scattering  using 
hyperspherical  coordinates.  Dr.  Wong  continues  to  work  on  this 
project  part-time. 

3.  Dr.  Nancy  M.  Harvey,  three  dimensional  reactive  scattering  by  the 
matching  method. 

4.  Dr.  Jack  A.  Kaye,  col linear  reactive  scattering.  Dr.  Kaye  finished 
his  doctoral  work  in  December  1981  and  has  since  been  a  post¬ 
doctoral  research  fellow  at  the  Naval  Research  Laboratory  in 
Washington,  D.C. 

5.  Diane  Hood  Ng,  three-dimensional  scattering  using  hyperspherical 
coordinates.  Ms.  Ng  is  a  graduate  student  and  should  obtain  her 
Ph.D.  degree  some  time  during  1984. 

6.  Paul  6.  Hipes,  coll  inear  reactive  scattering  using  hyperspherical 
coordinates.  Mr.  Hipes  is  a  graduate  student  who  joined  the  group 
in  the  fall  of  1981. 

7.  James  F.  Garvey,  coll  inear  reactive  scattering.  Mr.  Garvey  is 
mainly  an  experimentalist,  but  did  some  theoretical  work  in 
collaboration  with  Dr.  Kaye. 
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8.  REPRINTS  AND  PREPRINTS 

Enclosed  are  reprints  or  preprints  of  14  papers  written  during  the 
course  of  this  project,  as  follows: 

1.  Hyperspherical  Coordinates  in  Quantum  Mechanical  Coll  inear  Reactive 
Scattering,  A.  Kuppermann,  J.  A.  Kaye  and  J.  P.  Dwyer,  Chem.  Phys.  Lett.  74, 

257  (1980). 

2.  Col  linear  Quantum  Mechanical  Probabilities  for  the  I  +  HI  IH  +  I 
Reaction  Using  Hyperspherical  Coordinates,  J.  A.  Kaye,  and  A.  Kuppermann, 

Chem.  Phys.  Lett.,  77,  573  (1981). 

3.  Quantum  Mechanical  Coupled-Channel  Collision-Induced  Dissociation 
Calculations  with  Hyperspherical  Coordinates,  J.  A.  Kaye  and  A.  Kuppermann, 

Chem.  Phys.  Lett.,  78,  546  (1981). 

4.  Mass  Effect  in  Quantum  Mechanical  Collision-Induced  Dissociation 
in  Coll  inear  Reactive  Atom-Diatomic  Molecule  Collisions.  I.  Symmetric 
Systems,  J-  A.  Kaye  and  A.  Kuppermann,  draft  preprint. 

5.  Coll  inear  Quasi-Classical  Trajectory  Study  of  Col li si  on- Induced 
Dissociation  on  a  Model  Potential  Energy  Surface,  J.  A.  Kaye  and  A.  Kuppermann, 
draft  preprint. 

6.  Partitioning  of  Kinetic  Energy  Among  Reaction  Products  in  Collision- 
Induced  Dissociation  in  Coll  inear  Atom-Diatomic  Molecule  Collisions  from  Quantum 
and  Classical  Mechanical  Calculations,  J.  A.  Kaye  and  A.  Kuppermann,  draft 
preprint. 

7.  Quasi-Classical  Trajectory  Analysis  of  the  Equivalence  of  Reactive 
and  Non-Reactive  Deactivation  in  the  Coll  inear  Cl1  +  HC1  System,  J.  A.  Kaye 
and  A.  Kuppermann,  draft  preprint. 


8.  Coll  inear  Quantum  Mechanical  Probabilities  and  Rate  Constants 
for  the  Br  +  HC1  (v=2,3,4)  Reaction  Using  Hyperspherical  Coordinates, 

J.  A.  Kaye  and  A.  Kuppermann,  Chem.  Phys.  Lett.,  92,  574  (1982). 

9.  Hyperspherical  Coordinates  in  Collinear  Atom-Diatomic  Molecular 
Collisions:  Convergence  Properties,  J.  A.  Kaye  and  A.  Kuppermann,  draft 
preprint. 

10.  Quantum  Mechanical  Collinear  Calculation  of  the  Reactions  D  +  FH 
(v=  0,l,2)-»-DF  (v')  +  H  and  H  +  FD  (v=0,l  ,2,3)  -*■  HF  (v')  +  D  on  a  Realistic 
Potiential  Energy  Surface,  J.  A.  Kaye  and  A.  Kuppermann,  draft  preprint. 

11.  Collinear  Quantum  Mechanical  Calculations  on  the  Systems  HF  (v) 

+  H  and  HF  (v)  +  D  on  a  Realistic  Potential  Energy  Surface,  J.  A.  Kaye  and  A. 
Kuppermann,  draft  preprint. 

12.  Barrier  Height  Dependence  of  Dynamics  in  the  Collinear  H  +  FH  (v) 
and  D  +  FH  (v)  Systems,  J.  A.  Kaye,  J.  P.  Dwyer  and  A.  Kuppermann,  draft 
preprint. 

13.  Accurate  Quantum  Calculation  of  Reactive  Systmes,  Aron  Kuppermann, 
in  Theoretical  Chemi stry-Thoery  of  Scattering:  Papers  in  Honor  of  Henry 
Eyring,  D.  Henderson,  Ed.  (Academic  Press,  New  York,  1981)  Vol .  6,  Part  A., 
Chap.  2,  pp.  79-164. 

14.  Few  Body  Molecular  Collisions:  Theoretical,  A.  Kuppermann,  Nucl . 
Phys.  A,  353,  287c  (1981). 

In  addition,  a  Ph.  D.  Thesis  by  Jack  A.  Kaye  was  submitted  and  approved 
in  January  1982  entitled  "Theoretical  Studies  of  Chemical  Reaction  Dynamics", 
containing  a  substantial  amount  of  work  supported  by  this  project.  It  consists 
of  817  typed  pages  and  a  copy  is  available  on  request  if  desired. 
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8.  INVITED  SEMINARS,  CONFERENCES  AND  LECTURES 

During  the  three  year  period  covered  by  this  report,  the  principal 
investigator  gave  the  following  invited  seminars,  conferences  and  lectures  on 
topics  related  to  this  contract: 

1.  Invited  lecturer.  Institute  of  Advanced  Studies  on  Theoretical 
Chemical  Dynamics,  The  Hebrew  University,  Jerusalem,  Israel  (1-29  July  1979). 

2.  "An  Exact  Quantum  Mechanical  Transition  State  Theory.  I.  An 
Overview".  Lectures  on  Biological  and  Chemical  Physics,  A  Symposium  in  Honor 
of  Schenior  Lifson  on  his  65th  Birthday,  The  Weizmann  Institute,  Rehovot, 

Israel  (2-5  July  1979). 

3.  "A  Simple  Model  of  Dynamic  Resonances  in  Coll  inear  Reactive  Scattering" 
Xlth  International  Conference  on  the  Physics  of  Atomic  and  Electronic  Collisions, 
Kyoto,  Japan  (29  August  -  4  September  1979). 

4.  "Three  Dimensional  Quantum  Mechanical  Reactive  Collisions  by  Sym¬ 
metrized  Hyperspherical  Coordinates".  AFOSR/FJSRL  Molecular  Dynamics  Conference, 
USAF  Academy,  Colorado  Springs,  CO  (3-5  October  1979). 

5.  "Dynamical  Resonances  in  Chemical  Reactions".  California  State 
University,  Los  Angeles,  Los  Angeles,  CA  (18  November  1979). 

6.  "Dynamic  Resonances  in  Chemical  Reactions".  Oak  Ridge  National 
Laboratories,  Oak  Ridge,  TN  (4  March  1980). 

7.  "Few-Body  Molecular  Collisions:  Theoretical".  9th  International 
Conference  on  Few-Body  Problems,  Institute  of  Theoretical  Science,  University 
of  Oregon,  Eugene,  OR  (17-23  August  1980). 

8.  "Hyperspherical  Coordinates  in  Col  linear  and  Three-Dimensional 
Quantum  Mechanical  Reactive  Scattering".  Symposium  on  Dynamic 

Resonances,  American  Chemical  Society  Meeting,  Las  Vegas,  NV  (24-29  August  1980). 


9.  "Collision  Induced  Dissociation  Calculations  by  an  Accurate  Coupled 
Channel  Method".  AFOSR  Molecular  Dynamics  Conference,  Hanscom  AFB,  MA 
(8-12  October  1980). 

10.  "Hyper spherical  Cooordinates  in  Reactive  Scattering".  Texas  Conference 
on  Theoretical  Approaches  to  Chemical  Dynamics,  Austin,  TX  (1-4  March  1981). 

11.  "Dynamic  Resonances  in  Chemical  Reactions:  Prediction,  Physical 
Interpretation,  and  Experimental  Detection".  Stanford  University,  Stanford,  CA 
(21  May  1981). 

12.  AFOSR/AFWL  Molecular  Dynamics  Conference,  Kirtland  AFB,  NM 
(9-11  November  1981 ). 

13.  "Lifetimes  of  Dynamics  Resonances".  15th  Jerusalem  Symposium  in 
Quantum  Chemistry  and  Biochemistry  and  the  International  Symposium  on  Inter- 
molecular  Dynamics,  Israel  (29  March  -  1  April  1982). 

14.  "Collision  Lifetime  Matrix  Analysis  of  Reactive  Scattering  Resonances". 
4th  Annual  West  Coast  Theoretical  Chemistry  Conference,  University  of  Southern 
California,  Los  Angeles,  CA  (28-30  April  1982). 

15.  "Hyperspherical  Coordinates  in  Reactive  Scattering".  Gordon 
Research  Conference  on  Atomic  and  Molecular  Interactions,  Brewster  Academy, 

New  Hampshire  (25-30  July  1982), 
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A  new  hyperjpherical  coordinate  method  for  performing  atom-diatom  quantum  mechanical  collinear  reactive  scattering 
calculations  is  described.  The  method  is  applicable  at  energies  for  which  breakup  channels  are  open.  Comparison  with 
previous  results  and  new  results  at  high  energies  for  H  +  H2  are  given.  The  usefulness  of  this  approach  is  discussed. 


1.  Introduction 

Triatomic  exchange  reactions  of  the  type  A  +  BC 
-*•  AB  +  C,  with  A,  B,  and  C  representing  atoms  con¬ 
fined  to  move  on  a  laboratory-fixed  straight  line, 
constitute  the  simplest  reactive  processes  which  present 
a  basic  characteristic  of  many  chemical  reactions:  the 
dissolution  of  a  chemical  bond  and  the  formation  of 
a  new  one.  The  low  mathematical  dimensionality  of 
the  corresponding  theory  permits  a  straightforward 
analysis  of  this  system,  unencumbered  by  the  mathe¬ 
matical  complexities  of  molecular  rotations.  Such  a 
collinear  model  is  therefore  useful  for  developing  in¬ 
sight  into  the  reaction  process,  especially  for  systems 
which  are  collinearly  dominated,  i.e.,  for  which  col¬ 
linear  configurations  have  energies  considerably  lower 
than  corresponding  bent  ones.  For  these  reasons,  col¬ 
linear  reactions  have  been  the  subject  of  extensive 
theoretical  studies  over  the  last  decade.  Reviews  of 
the  methods  developed  for  such  studies  have  been 
published  previously  [1—4],  We  consider  in  this  paper 
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F49620-79-C-0187)  from  the  Air  Force  Office  of  Scien¬ 
tific  Research. 
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stitute  of  Technology 

*  Present  address:  School  of  Law,  Boalt  Hall,  University  of 
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*  Contribution  No.  6215. 


electronically  adiabatic  reactions  of  this  type,  although 
the  method  described  is  also  applicable,  with  straight¬ 
forward  generalizations,  to  electronically  non-adiabatic 
reactions. 

The  methods  previously  developed  for  studying 
these  collinear  processes  are  restricted  to  energies 
significantly  below  that  for  which  the  A  +  BC  -*■ 

A  +  B  +  C  process  is  possible.  Such  breakup  collisions, 
particularly  when  occurring  in  competition  with  ex¬ 
change  processes,  have  been  particularly  resilient 
to  accurate  quantum  mechanical  treatment  [5J.  In  addi¬ 
tion,  accurate  results  for  systems  in  which  the  central 
atom  B  is  significantly  lighter  than  the  end  atoms, 
such  as  the  I  +  HI  -*•  IH  +  I  reaction,  have  not  been  ob¬ 
tained  so  far  by  those  methods,  for  reasons  inherent 
to  their  nature  (see  section  4).  The  use  of  hyperspheri- 
cal  coordinates,  as  described  in  the  present  paper, 
was  developed  in  an  attempt  to  overcome  these  short¬ 
comings.  Extension  of  these  ideas  to  three  dimensions 
was  also  kept  in  mind. 


2.  Theory 

Let  r'a,  R'a  be,  respectively,  the  BC  internuclear  dis¬ 
tance  and  the  distance  of  A  to  the  center  of  mass  GBC 
of  the  BC  molecule.  Let  r'R'y  be  the  corresponding 
distances  with  the  roles  of  A  and  C  interchanged,  as 
indicated  in  fig.  1 .  We  define  the  Delves  scaled  co- 


Volume  74,  number  2 


CHEMICAL  PHYSICS  LETTERS 


1  September  1980 


Fig.  1.  Distance  coordinates  for  collinear  triatomic  system. 


ordinates  [6,7]  Rx, rx  (X  =  a,  y)  by 

r\sa\lr'\'  «x*0ix,,,>„)1/4-  0) 

In  these  equations,  Xwc  is  either  ctQy  or  y0a,  is  the 
reduced  mass  of  mu  and  mK,fiXn  is  the  reduced  mass 
of  mx  and  (mv  +  mK ),  and  ma,  mg,  and  my  are  the 
masses  of  A,  B,  and  C,  respectively.  In  terms  of  Rx,  rx, 
the  relative  nuclear  motion  hamiltonian  of  the  th¬ 
at  omic  system  is 


+  W.'x). 


X  =  a,r,  (2) 


where 

H  =  [mamgmy/(ma  +  mg  +  my)]m  (3) 

is  a  reduced  mass  of  the  system  and  is  the  same  whether 
X  ■  a  or  y,  and  is  the  electronically  adia¬ 

batic  potential  energy  surface  being  considered,  in 
X  coordinates.  According  to  eq.  (2),  the  internal  col¬ 
linear  motion  of  the  triatomic  system  is  isomorphic 
with  that  of  a  single  point  P  of  mass  p  in  the  two- 
mathematical-dimensional  (2MD)/?^,rA  configuration 
space,  subject  to  the  potential  Vx.  The  corresponding 
Porter -Karplus  (PK)  ground  state  collinear  potential 
energy  surface  for  the  H  +  H2  system  [8]  is  depicted 
in  fig.  2. 

The  coupled-equations  approach  to  solving  the 
Schrodinger  equation  for  the  hamiltonian  in  eq.  (2) 
consists  in  choosing  an  “internal”  variable  x  and  a 
“propagation”  variable  y  (transverse  \o  x)  which  may 
be  different  in  different  regions  of  configuration 
space.  The  wavefunction  4i(x,  ,v)  is  then  expanded  in 
a  quasi-complete  discrete  pseudo-vibrational  basis  set 
{$«(*))  variable  x,  and  the  resulting  coupled  equa¬ 
tions  in  the  coefficients  g„(y)  of  this  expansion  are 
integrated.  Enough  linearly -independent  solutions  of 
this  type  are  obtained  to  permit  the  calculation  of  the 
R  matrix,  and  from  it  the  S  matrix  and  the  transition 


3.0  eV 
2.1 
1.2 
0.3 


Fig.  2.  Porter -Karplus  potential  energy  surface  V  for  the 
H  +  H2  system  in  Delves  scaled  coordinates  Ra,  ra.  The  solid 
curves  arc  equipotential  contours  at  the  total  energies  (with 
respect  to  the  bottom  of  the  isolated  Hj  well)  indicated  in 
the  lower  right  side  of  the  figure.  The  dashed  line  is  the 
minimum  energy  path.  The  polar  coordinates  p,  a  of  a  general 
point  P  in  this  Ra.  ra  configuration  space  are  also  indicated. 
The  three  arcs  of  circles  at  p  *=  2.00,  3.1 3,  and  6.00  bohr  are 
cuts  along  which  V  is  displayed  in  fig.  3.  The  second  of  these 
passes  through  the  saddle  point,  indicated  by  a  cross  in  the 
figure. 


probability  matrix  P  [  1 ,2] ,  and  care  is  taken  to  ascer¬ 
tain  their  convergence  with  respect  to  the  number  of 
terms  used  in  this  expansion.  In  the  method  develop¬ 
ed  by  Light  and  co-workers  [9] ,  x  and  y  have  been 
chosen  to  be  natural  collision  coordinates,  whereas  in 
that  of  Kuppermann  [2,10] ,  they  are  ra  and  Ra  for 
the  reagent  region  of  configuration  space;  the  circular 
polar  coordinates  r  and  $  (centered  on  a  point  P0 
deeply  imbedded  in  the  A  +  B  +  C  dissociation  plateau) 
for  the  strong  interaction  region;  and  ry  and  Ry  for 
the  product  region.  In  both  these  methods,  the  wave- 
function  is  assumed  to  vanish  outside  a  reaction 
gulley  which  excludes  the  dissociative  regions  of  con¬ 
figuration  space. 

In  the  present  method,  we  use  for  r,  y  the  circular 
polar  coordinates  p,  a  (see  fig.  2)  around  the  origin  O 
of  the  Rx,  rx  configuration  space  (for  which  origin 
A,  B,  and  C  coincide).  Similar  coordinates  have  been 
previously  used  by  Tang  et  al.  to  study  a  piece-wise 
flat  potential  energy  surface  system  [11].  In  the 
generalization  to  three-dimensional  collisions  [6,7,12] 
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p  is  a  hyperdistance  in  a  6MD  configuration  space. 
The  range  of  a  is  0  to  amax  =  tan  ~l(m^M/mamy)1^ , 
where  M  -  ma  +  +  my .  At  the  extremes  of  this 

range  (where  B  coincides  with  A  or  C,  respectively) 
the  potential  function  V  becomes,  for  all  chemical 
purposes,  infinite  and  the  wavefunction  vanishes.  The 
nuclear  motion  hamiltonian  in  these  coordinates  is 


//(p,a)=^r-^+^+-^-^l+K(a,p).  (4) 
^La  p2  P*f>  p23a2J 


In  fig.  3  we  depict  fas  a  function  a  for  various 
constant  values  p  of  p  for  the  PK  surface.  It  can  be 
seen  that,  because  of  the  divergence  of  V  at  a  =  0  and 
a  =  amax ,  the  eigenfunctions  of 

K <*;  P)  -  -(ft2/2pp2)32/da2  +  V(a,  p)  (S) 

form  an  infinite  but  discrete  set  {$„(<*;  p }  which 
samples  the  entire  range  of  a,  including  those  values 
which,  for  large  p,  correspond  to  dissociated  A  +  B  +  C 
configurations.  In  fig.  4  we  display  the  even  (see  end 
of  this  section)  eigenfunctions  for  the  PK  surface,  for 
p  =  6  bohr  and  n  -  0-24  (in  steps  of  2),  as  well  as 


a /degrees 

Fig.  4.  Potential  energy  function,  eigenfunctions,  and  eigen¬ 
values  of  the  one-dimensional  hamiltonian  of  eq.  (5),  for  p  * 

6  bohr.  The  double-well  curve  is  the  same  as  that  in  fig.  3.  The 
horizontal  lines  represent  the  eigenvalues  for  the  quantum 
numbers  given  (for  every  other  eigenvalue)  at  the  right  of 
the  figure,  for  the  even  eigenfunctions  (i.e.,  those  which  are 
symmetric  for  reflection  through  the  a  *  30“  line).  The  latter 
are  the  oscillatory  curves  around  the  eigenvalue  lines,  and 
have  been  scaled  so  as  not  to  overlap  each  other.  The  cor¬ 
responding  relative  scaling  factors  are  1.00, 1.12,  1.08, 

1.15, 1.18, 1.28, 1.59, 1.69, 1.45, 1.18, 1.01, 0.90,  and  0.87. 


a  /degrees 

Fig.  3.  Potential  energy  function  V(a,  p)  of  fig.  2  as  a  func¬ 
tion  of  a  for  the  following  four  constant  values  p  of  p:  2.00, 
3.13,  6.00,  and  20.00  bohr.  The  first  three  of  these  values 
correspond  to  the  arcs  displayed  in  fig.  2.  The  fourth  one  is 
outside  of  that  figure. 


the  corresponding  eigenvalues  En(p).  The  highest  of 
these  is  larger  than  the  dissociation  energy  4.75  eV 
of  H2.  Since  the  H2  Morse  curve  included  in  the  PK 
surface  supports  17  bound  states,  for  large  p  (larger 
than  1 1  bohr,  it  turns  out),  E„(fl)  exceeds  4.75  eV  for 
n  >  32.  The  corresponding  eigenfunctions  sample  the 
dissociated  plateau  region  of  configuration  space, 
which  thereby,  in  principle,  is  made  accessible  to  the 
system.  Whether  or  not  the  system  samples  that 
region  depends  on  energetic  and  dynamic  considera¬ 
tions,  Tather  than  it  being  excluded  by  a  priori  consi¬ 
derations.  Expanding  an  eigenfunction  i//"(p,  a)  of 
//(p,  a)  according  to 

N 

i/,(p,a)=p_1/2  S  ft(p;p)<pn  (a:p)  (6) 

n  «0 

leads  without  much  difficulty  to  the  following  dif¬ 
ferential  equation  in  the  matrix  g(p;  p),  whose  n'th 
row  and  nth  column  element  isg£: 

-  (h2/2p)d2g(p;  p)/dp2  +  W(p;  p)*(p;  p) 


=  E(p;p)g(p;p). 


(7) 
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Wand  E  are  interaction  and  energy  matrices  whose  n' 
row  and  n  column  elements  are  given  by 

KiP‘, P)  =  <n\V{*, P )  -  ( P2IP2)V(a , p)\n\  (8) 

£"-(p;p)=[f+»2/8MP2-£-„(p)]5".,  (9) 

where  |/i'>  =  <Pn  (or,  p),  the  integration  variable  im¬ 
plied  in  eq.  (7)  is  a,  E  is  the  total  energy  of  the  system, 
and  6"  the  Kronecker  symbol. 

The  reactive  scattering  problem  is  solved  as  follows. 
We  choose  a  set  of  p,  (»'  =  0, 1, ....  /max ).  In  the  range 
P,-_  i  to  p,  we  chose  a  p,  for  which  we  calculate  the 
<t>n( a;  pj)  by  a  numerical  method  (such  as  a  finite 
difference  one  [13] ).  We  then  integrate  numerically 
the  coupled  equations  (7)  from  p,_  j  to  p,-,  setting 
*(0;  Pq)  =  0  and  g'(0;  p0)  =  I  and  requiring  continuity 
of  ^„(p,  a)  and  of  its  derivative  with  respect  to  p  at 
the  boundaries  p  =  p,  between  the  pi_l  to  pf  and  pi 
to  p,_j  regions.  The  integration  method  used  in  the 
present  calculations  was  that  of  Gordon  [14],  to¬ 
gether  with  the  reorthogonalization  procedure  of 
Riley  and  Kuppermann  [15],  In  this  manner  we  ob¬ 
tain  the  ^"(p;  a)  for  0  <  o  <  amax  and  p0  <  p  <  p, 

We  then  project  numerically  these  i/n  onto  the  bouna 
state  eigenfunctions  of  BC  and  AB  at  a  large  and  con¬ 
stant  value  of  Rx,  from  which  we  get  by  standard 
methods  [2]  the  R,  S  and  P  matrices  defined  above 
for  energies  below  the  A  +  B  +  C  dissociation  limit. 
Their  convergence  with  respect  to  /max ,  p0 ,  p,m  , 
and  the  number  N  of  terms  used  in  eq.  (6)  is  establish¬ 
ed  empirically,  as  is  the  symmetry  of  the  open  channel 
part  of  R  and  the  unitarity  of  the  open  channel  part 
of  S.  For  energies  above  that  dissociation  limit,  the 
procedure  described  for  the  three-dimensional  case  by 
Delves  [7]  should  be  used. 

For  symmetric  reactions  of  the  type  A  +  BA  -*■ 

AB  +  A,  the  potential  energy  function  F(a,  p)  is  sym¬ 
metric  with  respect  to  the  a  =  amax/2  line  in  configu¬ 
ration  space,  and  the  solutions  which  are  even  or  odd 
for  reflection  through  that  line  may  be  obtained 
separately,  thereby  decreasing  the  amount  of  numerical 
effort. 


3.  Results 

The  results  of  accurate  calculations  for  the  H+  H2 
-*  H2  +  H  reaction  on  the  PK  surface,  using  the 


hyperspherical  coordinate  method  just  described, 
are  given  in  fig.  5,  together  with  those  of  previous 
calculations.  We  plot  in  fig.  5  the  vibrationally 
adiabatic  distinguishable-atom  reaction  probabilities 
Pjj),  from  the  initial  vibrational  state  n  of  the  reagents 
to.the  same  vibrational  state  of  the  reaction  products. 
The  points  in  fig.  S  are  some  of  the  present  results, 
which  are  converged  and  accurate  to  about  1  %  or 
better.  They  have  been  carried  out  so  far  up  to  total 
energies  of  2.88  eV  (about  60%  of  the  H2  dissociation 
energy),  without  any  signs  of  quality  deterioration. 

The  dashed  lines  are  cubic  spline  fits  to  these  results 
(which  include  a  larger  number  of  points  than  those 
displayed)  for  total  energies  in  excess  of  1 .75  eV  for 
the  Pqq  and  Pfy  curves,  and  for  En  >  0  for  the 
others.  For  comparison,  the  solid  lines  are  cubic 
spline  fits  to  the  results  of  Schatz  and  Kuppermann 
[16] ,  which  were  carried  out  using  one  of  the  previous 
methods  [10],  up  to  total  energies  of  1 .75  eV  for 
Pqq  and  /  j] .  These  latter  results  [16]  are  essentially 
indistinguishable  from  those  of  Diestler  [17],  who 
performed  accurate  calculations  on  the  same  PK  surface 
at  total  energies  up  to  1.21  eV.  For  total  energies  for 
which  other  calculations  are  available  (<1.75  eV),  the 
present  results  agree  with  the  previous  ones  within  the 
computational  accuracy  of  about  1  %.  This  validates 
the  hyperspherical  coordinate  method. 

An  additional  useful  characteristic  of  this  new  cal- 
culational  procedure  is  that  convergence  with  respect 
to  the  number  of  basis  functions  used  is  more  rapid 
than  for  other  methods.  For  example,  for  Ea  in  the 
range  0.22-0.43  eV,  and  using  only  two  channels 
(one  open  and  one  closed,  asymptotically),  the  ab¬ 
solute  error  in  is  less  than  0.02  in  the  new  method, 
whereas  for  a  previous  method  [2,10]  that  error  is  as 
high  as  0.23.  If  four  channels  are  used,  the  hyper¬ 
spherical  coordinate  method  produces  reliable  values 
of  Pqq  (to  within  0.02)  up  to  translational  energies  of 
1.03  eV,  whereas  that  previous  method  requires  seven 
or  eight  channels  for  equivalent  convergence.  This 
faster  basis  set  convergence  efficiency  may  make 
this  method  particularly  well  suited  for  three-dimen¬ 
sional  calculations,  for  which  high  efficiency  is  required 
for  calculational  feasibility  [18,19], 

It  is  interesting  to  note  that  the  curves  for  n 
>  1  in  fig.  5  are  very  similar  to  each  other  and  are 
nearly  identical  when  plotted  as  functions  of  the 
initial  relative  translational  energy.  This  is  strongly 
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suggestive  that  an  effective  1MD  potential  may  be 
found  which  duplicates  all  of  them.  The  curve  is 
also  similar  to  the  n  >  1  ones  if  energies  below  that 
of  its  first  resonance  are  neglected.  This  comparison 
suggests  that  the  second  resonance  in  and  the  first 
(me  in  the  /*,  (n  >  1 )  have  analogous  dynamical 
origins. 


4.  Discussion  and  conclusions 

The  hyperspherical  coordinate  method  seems 
capable  of  tackling  reactive  scattering  problems  at 
fairly  high  energies.  The  present  calculations  are  being 
extended  to  energies  above  the  H2  dissociation  limit. 
The  method  can  also  be  generalized  to  electronically 
non -adiabatic  processes  in  a  straightforward  manner 
[20,21]. 

The  difficulty  other  methods  [2,9,10]  have  in 
tackling  reactions  with  a  light  middle  atom,  such  as 
I  +  HI  -*•  IH  +  I,  is  related  to  the  very  sharp  and  rapid¬ 
ly  changing  curvature  of  the  minimum  energy  path 
of  these  systems,  in  the  strong  interaction  region  of 
configuration  space.  This  in  turn  is  due  to  the  small¬ 
ness  of  the  corresponding  skew  angle,  amix  * 
tan  which  in  that  system  is  about 

7°.  The  present  method  does  not  suffer  from  this  dif¬ 
ficulty,  since  the  propagation  coordinate  p  is  not 
related  to  that  curvature. 

Finally,  the  hyperspherical  coordinate  approach 
seems  particularly  suitable  to  the  study  of  3D  sys¬ 
tems  [12],  since  it  greatly  simplifies  the  A  +  BC 
bifurcation  problem  associated  with  the  existence 
of  two  kinds  of  reactive  products,  AB  +  C  and  AC  +  B. 
The  solution  to  this  problem  is  contained  in  the  nature 
of  the  p  =  constant  basis  sets,  which  are  the  3D 
generalizations  of  the  <pn( a;  p)  eigenfunctions  used  in 
the  present  method.  Such  calculations  are  currently 
being  performed  in  our  laboratory  [22]. 


Fig.  5.  Vibrationally  adiabatic  reaction  probabilities  pffn  for  the  H  +  Hj(n)  -*  Hj(n)  +  H  exchange  reaction  on  the  Porter-Karplus 
potential  energy  surface,  as  a  function  of  initial  relative  translational  energy  F,r  and  total  energy  £  (measured  with  respect  to  the 
bottom  of  the  isolated  H2  well).  The  points  arc  the  results  of  the  present  calculations.  The  solid  Pgo  and  Pyt  curves  are  cubic  spline 
fits  to  the  previous  results  of  Schatz  and  Kuppermann,  which  were  performed  up  to  E  =  1.75  eV.  The  dashed  curves  are  cubic  spling 
fits  to  the  present  points,  including  some  omitted  from  the  plots  for  reasons  of  visibility. 
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Calculations  of  quantum  mechanical  probabilities  for  the  1  +  HI  -*  IH  *  1  electronically  adiabatic  exchange  reaction  were 
performed  using  hyperspherical  coordinates.  In  spite  of  the  small  skew  angle  of  7s,  accurate  results  were  obtained  with  a 
small  number  of  channels.  These  results  ate  compared  with  those  of  quasi -classical  trajectory  calculations. 
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1.  Introduction 

Chemical  reactions  in  which  a  hydrogen  atom  is 
transferred  between  two  heavy  atoms  or  groups  of 
atoms  of  the  type 

X  +  HY-XH  +  Y  (1) 

have  been  the  subject  of  numerous  experimental  and 
theoretical  studies  [  1  ] .  In  many  of  the  systems  stud¬ 
ied,  X  and  Y  are  halogen  atoms  [2] ;  however,  cases 
in  which  one  or  both  of  these  are  oxygen  atoms  [3] 
or  alkyl  groups  [4]  have  also  received  a  great  deal  of 
attention.  In  a  number  of  studies  [5],  the  halogen  atom 
X  is  in  its  electronically  excited  2Pjyj  state,  and  colli- 
sional  quenching  and  electronic-to-vibrational  energy 
(E-V)  transfer  have  been  investigated. 

Theoretical  studies  of  these  reactions  have  consist¬ 
ed  mainly  of  classical  trajectory  calculations  on  the 
ground  electronic  potential  energy  surface.  For 
example,  a  number  of  calculations  have  been  perform¬ 
ed  on  the  a  +  HG  [6]  and  G  +  HI  [7]  systems  to 
help  understand  the  rate  of  vibrational  relaxation  and 
the  distribution  of  reaction  products,  respectively. 
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Scientific  Research  (Contract  No.  F49620-79-C-0187). 

••  Work  performed  in  partial  fulfilment  of  the  requirements 
for  the  Ph.D.  in  Chemistry  at  the  California  Institute  of 
Technology. 

*  Contribution  No.  60S6. 


However,  due  to  the  lightness  of  the  atom  transferred, 
and  the  small  skew  angle  associated  with  heavy— light- 
heavy  (H-L-H)  atom  systems,  quantum  effects  may 
be  expected  [8],  Accurate  three-dimensional  quantum 
calculations  on  these  systems  are  presently  impractical 
because  of  the  large  number  of  channels  involved  in 
a  coupled-channel  calculation  [9-12] .  Nevertheless, 
an  assessment  of  the  magnitude  of  such  quantum  ef¬ 
fects  can  be  made  by  performing  accurate  collinear 
quantum  mechanical  calculations  and  comparing  their 
results  with  those  of  quasi-classical  trajectory  calcula¬ 
tions.  The  small  skew  angle  just  mentioned  makes 
even  the  collinear  calculations  difficult  to  perform  using 
the  methodology  available  until  recently  [13].  For 
example,  for  the  reactive  G  +  HBr  ■*  GH  +  Br  system 
in  the  only  calculation  of  this  type  performed  so  far 
[14] ,  40  channels  were  required.  The  small  skew  angle 
permits  certain  dynamical  approximations  to  be  made, 
however,  and  a  few  approximate  treatments  of  these 
H-L-H  systems,  both  quantum  mechanical  and  classi¬ 
cal,  have  been  developed  [15]. 

In  this  paper  we  report  the  results  of  accurate 
coupled -channel  electronically  adiabatic  quantum 
mechanical  calculations  for  the  collinear  reaction, 

I  +  HI-IH  +  I,  (2) 

using  hyperspherical  coordinates.  Two  slightly  different 
potential  energy  surfaces  were  used.  We  also  performed 
quasi-classical  trajectory  calculations  on  these  surfaces. 
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In  section  2  we  describe  the  method  and  the  surfaces, 
and  in  section  3  we  present  and  discuss  the  results. 

2.  Computational  method  and  potential  energy 
surfaces 

The  quantum  mechanical  method  of  hyperspherical 
coordinates  developed  previously  [16]  *  presents  no 
particular  difficulty  when  the  skew  angle  is  small,  and 
in  the  calculations  reported  here,  that  method  was 
used  without  change.  Six  even  and  six  odd  basis  func¬ 
tions  were  used,  and  with  them  convergence  of  the 
transition  probabilities  to  ±0.005  and  of  flux  to 
±0.0001  was  usually  achieved.  Standard  methods  were 
used  for  the  collinear  quasi-classical  trajectory  calcula¬ 
tions  [19,20]. 

The  potential  energy  surfaces  used  were  of  the  ex¬ 
tended  LEPS  form  [21  ]  and  their  parameters  and  prop¬ 
erties  are  listed  in  table  1 .  The  Morse  oscillator  [22] 
parameters  for  one  of  the  surfaces  (surface  B)  were 
those  used  previously  [23]  for  trajectory  calculations 
on  the  H  +  I2  system.  However,  we  changed  the  Sato 
parameters  from  0  to  0.20  for  HI  and  0.125  for  Ij  in 
order  to  decrease  the  barrier  height  from  *>14.2  kcal/ 
mole  to  *«1 .5  kcal/mole.  Although  the  barrier  for  the 

*  A  related  method,  using  the  same  coordinates  but  a  different 
asymptotic  analysis,  has  been  developed  by  Hauke  et  al.  [17] 
and  used  by  Romelt  [18]. 


Table  1 

Parameters  and  properties  of  extended  LEPS  potential  energy 
surfaces  A  and  B*1 


HI 

h 

d(bohr*') 

0.9260 

0.9843 

Re  (bohr*1) 

2.0236 

5.0457 

Og  (eV)  A 

3.3303 

1.5567 

B 

3.2002 

1.5567 

A 

0.2 

0.125 

addle  point  location  (bohr) 

A 

(3.336,  3.336) 

B 

(3.370,  3.370) 

barrier  height  (kcal/mole) 

A 

1.353 

B 

1.526 

HI  zero-point  energy  (eV) 

A 

0.14447 

B 

0.14160 

*1  Masses  used  mH  *  1  amu,mj»  126.9  amu. 


1 8.5  190  19.5  ZOO  ZO.5 


R*/bohr 

Fig.  1.  Equipotential  contour  plots  for  I  ♦  HI,  surfaces  A  and 
B,  in  the  region  near  the  saddle  points.  The  solid  curves  are 
the  contours  and  are  equally  spaced  in  increments  of  0.02 
eV,  from  0.04  to  0.20  eV.  The  zero  of  energy  is  the  bottom 
of  the  HI  well.  The  surfaces  are  plotted  in  Delves’  scaled  co¬ 
ordinates  [16-18].  The  x  mark  the  saddle  points,  the  dash¬ 
ed  lines  are  the  steepest  ascent  and  descent  paths  as  calculated 
in  Delves'  scaled  coordinates. 

UU  system  is  not  known,  ab  initio  calculations  on  relat¬ 
ed  systems  (F  +  HF,  Cl  +  HQ)  suggest  that  a  barrier  of 
more  than  a  few  kcal/mole  is  unreasonably  high  [24]. 
The  other  surface  (surface  A)  has  the  same  LEPS 
parameters  as  surface  B,  except  that  the  HI  dissocia¬ 
tion  energy  was  increased  by  3  kcal/mole.  The  main 
effect  of  this  change  is  in  the  saddle  point  region,  as 
can  be  seen  by  observing  the  0.06  eV  equipotential 
in  the  contour  plots  displayed  in  fig.  1 . 

3.  Results  and  discussion 

Plots  of  the  quantum  probabilities  of  reaction  (2) 
from  the  ground  vibrational  state  of  the  reagents  to 
the  same  state  of  the  products,  as  a  function  of  trans¬ 
lational  energy,  are  given  in  figs.  2  and  3  for  each  of 
the  two  surfaces.  For  the  low-energy  (0-15  meV) 
range  covered  by  fig.  3,  the  curve  for  surface  A  displays 
a  sharp  peak  followed  by  a  second  broader  peak,  where¬ 
as  for  surface  B,  the  sharp  feature  is  absent  and  the 
other  one  is  much  broader  and  less  intense.  In  order  to 
assess  the  nature  of  these  features,  we  have  made  an 
Argand  plot  [25]  of  the  corresponding  scattering 
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Fig.  2.  Transition  probability  for  the  reaction  1  +  HI  (u  ■  0)  — 
IH  (»'  *  0)  + 1  as  a  function  of  reagent  translational  energy. 
Quantum  mechanical  results  are  indicated  by  the  solid  lines; 
the  circles  indicate  surface  A,  the  squares  surface  B.  Classical 
trajectory  results  are  given  by  the  dashed  line  for  surface  A 
and  the  dashed-dotted  line  for  surface  B.  The  lowest  energy 
portion  of  the  quantum  curve  for  surface  A  has  been  omitted 
for  reasons  of  clarity. 

matrix  elements,  Sqq,  for  surface  A  in  fig.  4.  It  can 
be  seen  that  the  sharp  peak  in  fig.  3  is  associated  with 
a  loop  in  fig.  4,  along  which  a  representative  point 
moves  counterclockwise  with  increasing  energy,  as  in¬ 
dicated  by  the  arrow  in  the  upper  part  of  fig.  4.  This 
clearly  demonstrates  a  scattering  resonance.  In  the 


Fig.  3.  Quantum  mechanical  transition  probabilities  as  in  fig. 

2  for  the  low  translational  energy  rante.  No  classical  trajectory 
results  are  shown. 


Fig.  4.  Argand  diagram  [25]  for  the  S  matrix  element  sfo 
corresponding  to  the  exchange  reaction  I  +  HI  (u  *  0)  -» 

(u’  *  0)  +  I  on  surface  A.  Circles  represent  points  spaced  by 
0.05  meV;  triangles  represent  points  spaced  by  0.1  meV.  The 
energies  indicated  are  reagent  translational  energies.  Arrows 
parallel  to  the  curve  indicate  direction  of  increasing  energy. 

energy  region  corresponding  to  the  second  peak  for 
surface  A,  the  Argand  diagram  does  not  display  such 
behavior,  nor  does  that  for  surface  B  (not  displayed), 
which  has  the  appearance  of  a  smooth  clockwise  spiral. 

It  has  been  shown  [26]  that  for  collinear  symmetric 
atom-diatom  systems  of  the  form  A  +  BA,  at  ener¬ 
gies  for  which  vibrationally  excited  channels  of  the 
BA  molecule  are  closed,  the  difference,  6S  -  5A,  be¬ 
tween  the  symmetric  and  antisymmetric  eigenphase 
shifts  increases  by  it  across  a  narrow  isolated  resonance. 
In  fig.  5  we  display  5S,  5  A ,  and  their  difference  as  a 
function  of  reagent  translational  energy  for  surface  A- 
Over  the  energy  range  considered,  only  the  u  *  0 
state  of  HI  is  accessible,  and  the  open  part  of  the  R 
matrix  has  dimensions  2X2.  Its  eigenvectors  are  in¬ 
dependent  of  energy  and  correspond  to  symmetric  and 
antisymmetric  scattering  states,  and  its  eigenvalues  are 
tan  5S  and  tan  6A,  respectively.  It  can  be  seen  from 
fig.  5  that  5S  -  SA  changes  by  <*2.6  rad  (*0.85  n  rad) 
over  the  energy  range  associated  with  the  narrow  peak 
in  fig.  3.  This  is  slightly  less  than  n  rad  because  this 
resonance  is  not  completely  isolated,  as  is  indicated 
by  the  fact  that  the  reaction  probability  drops  to  0.2 
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Fig.  3.  Symmetric  (63,  dashed  line)  and  antisymmetric  («  A, 
dashed-dotted  line)  eigenphase  shifts  as  a  function  of  reagent 
translational  energy  calculated  for  surface  A.  The  difference 
Sg  -  6  a  (solid  line)  is  also  shown  (the  right-hand  ordinate 
scale  is  the  appropriate  one  for  this  quantity). 

rather  than  0  after  that  peak,  before  starting  to  increase 
again.  The  time  delay  associated  with  this  resonance, 

T*2ftd(6s-6A)/df, 

has  a  maximum  value  of  2.04  X  10"11  s,  which  is 
much  larger  than  the  symmetric  stretch  vibration  period 
of  4.60  X  10-13  s  for  the  saddle  point  configuration  of 
surface  A.  For  comparison,  across  the  broad  peak  in 
fig.  3  for  surface  B,  Ss  —  S  A  increases  by  0.14  rr  rad 
only,  the  corresponding  maximum  value  of  r  is  4.74 
X  10-13  s,  compared  with  4.64  X  10-13  s  for  the 
saddle  point  symmetric  stretch  period  of  that  surface. 
We  conclude  that  the  sharp  peak  in  fig.  3  for  surface  A 
is  associated  with  a  strong,  long-lived  resonance,  where¬ 
as  for  surface  B,  the  broad  peak  in  fig.  3  is  at  most 
associated  with  a  very  weak  resonance.  This  indicates 
once  more  [9,27]  the  great  sensitivity  that  dynamic 
resonances  on  reactive  systems  can  have  to  details 
of  the  saddle  point  region  of  potential  energy  surfaces. 
This  sensitivity  holds  out  the  enticing  possibility 
that  the  experimental  measurement  of  such  resonances 
may  be  useful  in  the  determination  of  the  characteris¬ 
tics  of  that  region  of  potential  energy  surfaces. 

An  interpretation  of  this  resonance  can  be  obtained 
as  follows.  The  hyperspherical  coordinate  method  used 
in  the  present  calculations  [16-18]  involves  a  radial 
distance  p  and  a  polar  angle  a  associated  with  Delves’ 
coordinates  Ra,ra  of  fig.  1 .  For  fixed  p,  we  can  cal¬ 
culate  the  eigenvalues  En(p )  of  the  a  motion.  A  plot 


Fig.  6.  Eigenvalues  E n(p)  for  surface  A  as  a  function  of  the 
propagation  coordinate  p.  These  curves  are  pairwise  degenerate 
at  large  p,  the  symmetric  one  being  always  lower  than  the  cor- 
te spending  antisymmetric  one  at  small  p.  Values  of  n  for  the 
symmetric  curves  are  shown  at  the  top  of  the  figure.  The  da  di¬ 
ed  line  in  the  Ep(p)  curve  shows  the  position  of  the  resonance 
and  lies  slightly  above  £o(**)> 

of  the  1 2  lowest  such  eigenvalues  versus  p  is  given  in 
fig.  6,  and  they  show  minima  for  the  ones  correspond¬ 
ing  to  symmetric  eigenfunctions.  Since  motion  from 
reagents  to  products  across  the  strong  interaction 
region  of  the  surface  involves  a  relatively  small  change 
in  p  and  a  relatively  large  fractional  change  in  a,  an 
a-adiabatic  model  of  resonances  was  proposed  recent¬ 
ly  [28].  This  mode]  consists  of  solving  the  Schrodinger 
equation  for  the  quasi-bound  one-dimensional  p  mo¬ 
tion  on  each  of  the  individual  F„(p)  curves,  in  analogy 
to  the  Bom-Oppenheimer  separation  of  electronic 
and  nuclear  motions.  It  was  shown  to  work  well  for 
the  first  resonance  in  H  +  H2  and  its  symmetric 
isotope  counterparts.  For  the  n  *  0  curve  of  fig.  6, 
this  model  predicted  the  position  and  width  of  the  sur¬ 
face  A  resonance  indicated  by  “model  I”  in  table  2. 
The  agreement  with  the  exact  values  is  satisfactory. 

Babamov  and  Marcus  [29]  have  recently  shown 
that  for  H-L-H  symmetric  systems,  below  the  open¬ 
ing  of  the  first  excited  state,  the  *00  reaction  prob¬ 
ability  is  related  to  the  phase  shifts  65°  and  6AD,  ob¬ 
tained  from  the  one-dimensional  p  motion  described 
above,  by  the  expression 
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Table  2 


Calculated  and  predicted  properties  of  peaks  of  reaction  probability  versus  energy  curve* 


Exact 

Model  I  •> 

Model  11  b> 

auftee  A 

resonance  location  (meV) 

6.08 

4.7 

4.7 

resonance  width  (meV) 
fwhm 

0.16 

0.12 

0.13 

surface  B 

peak  location  (meV) 

8.00 

c) 

8.2 

maximum  reaction 
probability 

0.187 

c) 

0.19 

Ref.  [28].  b*  Ref.  [29].  Not  applicable,  since  this  feature  is  not  a  resonance. 


Using  this  relation,  we  obtain  the  peak  locations 
and  widths  given  in  the  “model  II”  column  of  table  2. 
The  agreement  with  the  accurate  values  is  about  the 
same  as  for  model  I  for  the  surface  A  resonance.  How¬ 
ever,  it  is  better  than  model  I  in  that  it  also  predicts 
quite  well  the  position  and  height  of  the  broad  peak 
for  surface  B,  which  is  not  a  resonance,  whereas  model 
I  is  not  applicable  to  features  that  are  not  resonances. 

The  difference  in  the  dynamics  of  the  reaction  on 
the  two  surfaces  at  higher  energies  consists  of  a  shift 
of  the  /*§q  curve  by  *30  or  35  meV  to  the  right  on 
going  from  surface  A  to  surface  B.  This  drift  is  sig¬ 
nificantly  higher  than  either  the  difference  between 
the  corresponding  barrier  heights  (7.5  meV)  or  be¬ 
tween  the  reagent  zero-point  energies  measured  with 
respect  to  the  corresponding  barrier  tops  (10.3  meV). 
The  reason  for  this  may  be  that,  since  the  reagent 
ground-state  energies  are  significantly  greater  than 
the  saddle  point  energy,  the  sharp  skew  angle  of  the 
coordinate  system  makes  “corner  cutting”  quite  likely. 
This  suggests  that  the  dominant  region  of  the  surface 
occurs  at  larger  values  of  p  than  that  of  the  saddle 
point.  Additional  information  on  this  matter  can  be 
obtained  from  maps  of  quantum  streamlines  of  prob¬ 
ability  current  density  or  classical  trajectories. 

The  oscillatory  nature  of  the  versus  energy 
curves  at  translational  energies  above  10  meV  is  not 
of  a  quantum  nature,  as  it  is  also  present  in  the  classi¬ 
cal  trajectory  results  displayed  in  fig.  2 

We  wish  to  emphasize  the  ease  with  which  the  meth¬ 
od  of  hyperspherical  coordinates  may  be  applied  to 
collinear  H-L-H  systems.  Applications  of  previous 
methods  based  on  a  propagation  variable  that  scans 
the  potential  energy  surface  from  the  reagent  region 


through  the  strong  interaction  region  to  the  product 
region  [8,30,31]  are  made  very  difficult  by  the  small¬ 
ness  of  the  skew  angle.  Indeed,  these  methods  involve 
expansions  in  eigenfunctions  of  cuts  of  the  surface 
along  a  direction  more  or  less  transverse  to  the  mini¬ 
mum  energy  path,  and,  as  a  result  of  that  small  angle, 
such  cuts  are  very  broad  and  support  a  large  number 
of  bound  states.  Indeed,  for  the  Ihi  system  considered 
in  this  paper,  the  symmetric  stretch  cut  through  the 
surface  A  saddle  point  supports  50  bound  states  with 
energies  below  that  of  the  u  *  2  state  of  the  isolated 
HI  molecule,  which  is  open  at  the  highest  energy  con¬ 
sidered  in  these  calculations.  In  order  to  incorporate 
all  such  open  local  states  and  a  sufficiently  large  num¬ 
ber  of  closed  states  in  that  expansion  so  as  to  achieve 
reasonable  convergence  of  the  results  would  require 
an  unreasonably  large  number  of  channels.  By  con¬ 
trast,  the  present  method  requires  only  six  even  and 
six  odd  channels,  as  described  in  section  2.  The  essen¬ 
tial  reason  for  the  adequacy  of  such  a  small  number  of 
channels  is  that  the  hyperspherical  coordinates  avoid 
a  proliferation  of  open-channel  basis  functions.  In¬ 
deed,  for  these  coordinates  the  number  of  open  chan¬ 
nels  in  the  strong  interaction  region  is  about  the  same 
as  it  is  in  the  separated  reagent  or  separated  product 
regions  of  the  potential  energy  surface,  as  shown  in 
fig.  6.  This  method  is  therefore  to  be  preferred  for 
the  study  of  collinear  H-L-H  systems,  whether  sym¬ 
metric  or  not. 
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A  time-independent  coupled-channel  method,  using  hyperspherical  coordinates,  has  been  developed  for  calculating 
quantum  mechanical  collision- induced  dissociation  probabilities  for  collinear  atom -diatom  systems  in  which  the  exchange 
reaction  can  also  occur.  The  results  for  a  model  potential  energy  surface  are  compared  with  quasi-classical  trajectory  calcu¬ 
lations  and  discussed. 


1.  Introduction 

The  collision-induced  dissociation  (CID)  of  di¬ 
atomic  molecules  has  been  the  subject  of  extensive  ex¬ 
perimental  investigation  [1—3].  In  order  to  under¬ 
stand  and  to  model  this  important  process  [4],  it  is 
necessary  to  obtain  the  bound-to-continuum  transi¬ 
tion  probabilities  as  well  as  the  usual  bound-to-bound 
ones.  Approximate  classical  [5],  semi-classical  [61, 
and  quantum  [7]  techniques  have  been  created  for 
this  purpose.  However,  the  development  of  accurate 
quantum  mechanical  methods  for  systems  in  which 
CID  competes  with  exchange  processes  has  been  hin¬ 
dered  by  the  difficulty  of  representing  the  exchange 
product  bound  states  in  terms  of  the  reagent  bound 
and  continuum  states  [7,8].  As  a  result,  systems  in 
which  the  exchange  channel  is  absent  have  mainly 
been  considered  in  previous  calculations  [7,9].  A 
method  capable  of  taking  such  rearrangement  chan¬ 
nels  into  account,  based  on  a  multiple-collision  expan¬ 
sion,  has  recently  been  applied  for  a  potential  that, 
however,  does  not  support  exchange  products  [10]. 
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ftom  the  US  Air  Force  Office  of  Scientific  Research. 
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Kulander  [11]  has  included  exchange  processes  by 
solving  numerically  the  time-dependent  Schrodinger 
equation  for  cleverly  chosen  initial  wave  packets  and 
obtained  bound-to-continuum  and  bound-to-bound 
transition  probabilities  in  collinear  atom-diatom  col¬ 
lisions.  This  conceptually  elegant  method  is,  however, 
computationally  time  consuming  and  difficult  to  ap¬ 
ply  at  energies  close  to  the  dissociation  threshold. 

In  this  paper  we  report  the  first  successful  time- 
independent  treatment  of  CID  in  a  collinear  atom- 
diatom  system  in  which  the  exchange  process  is  pres¬ 
ent.  This  work  uses  the  method  of  hyperspherical  co¬ 
ordinates  [12-16]  which  has  recently  been  applied 
to  the  collinear  exchange  reactions 

H  +  H2  -  H2  +  H 

and  [17] 

I  +  HI  -  IH  +  I 

at  energies  below  dissociation. 

In  section  2  we  briefly  outline  the  nature  and  the 
method  of  hyperspherical  coordinates,  emphasizing 
those  aspects  of  it  which  are  crucial  in  the  treatment 
of  CID.  The  potential  energy  surface  used  in  these 
calculations  is  discussed  in  section  3,  and  the  results 
obtained  are  presented,  discussed,  and  compared  with 
those  from  quasi-classical  trajectory  calculations  in 
section  4. 
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2.  Theory 

Let  us  consider  the  A  +  BC  system,  with  A,  B,  and 
C  representing  distinguishable  atoms  confined  to  move 
on  a  laboratory-fixed  straight  line.  Let  r'a  and  R'a  be, 
respectively,  the  BC  internuclear  distance  and  the 
distance  of  A  to  the  center  of  mass  of  BC.  Let  r'y  and 
R '  be  the  corresponding  distances  with  the  roles  of 
A  and  C  interchanged.  The  Delves’  scaled  coordinates 
[12],  /?x  and  rx  are  defined  as 

R\=a\R'\y  r\  =  <IXtr'x.  «X  =  (Mx,vk/»1vK)1/4  • 

0) 

Here,  Xwc  is  either  afi-y  or  y(3a,  pVK  is  the  reduced 
mass  of  mv  and  mK ,  px  VK  is  the  reduced  mass  of  mK 
and  mv+mK,  and  and  m7  are  the  masses  of 

A,  B,  and  C,  respectively.  The  collinear  hyperspheri- 
cal  coordinates  are  defined  as 

P  =  (^xTrx>1/2  *  a  =  tan-1(ra/« a)  , 

0  <  a  <  tr/2  (2) 

and  are  indicated  in  fig.  1.  The  Schrodinger  equation 
for  the  internal  motion  of  the  ABC  system  is  the 
same  as  that  of  a  single  particle  P  of  mass  p  = 
[maml}m7l(ma  +  +  my)\ 1/2  moving  in  the  two- 

dimensional  p,a  space  and  subject  to  the  potential 
K(a,p)  of  the  triatomic  system.  The  motion  of  P  on 


Ra/bor» 


Fig.  1.  Contour  plot  of  the  potential  energy  surface  for  a  mod¬ 
el  collinear  triatomic  system  in  Delves'  scaled  coordinates 
Ra,ra.  The  solid  curves  are  equipotential  contours  at  the  total 
energies  (with  respect  to  the  dissociated  system)  indicated  in 
the  lower  side  of  the  figure.  The  dashed  line  is  the  minimum 
energy  path.  The  polar  coordinates  p,a  of  a  general  point  P  in 
this/?a,ra  configuration  space  are  also  indicated. 


a  circle  of  constant  p  =  p  is  described  by  a  set  of  en¬ 
ergy  eigenfunctions  <fin(a;p)  and  eigenvalues  £n(p). 
The  former  are  called  surface  functions  and  constitute 
an  infinite  discrete  set  which,  as  p  -*■  °°,  spar ;  the 
dissociation  continuum.  Expansion  of  the  scattering 
wavefunction  in  the  <pn  leads  to  a  set  of  coupled- 
channel  differential  equations  that  have  been  derived 
and  are  integrated  as  described  previously  [13-16]# 
out  to  a  sufficiently  large  value  of  p. 

At  energies  at  which  no  continuum  states  (those 
with  positive  eigenvalues  with  respect  to  the  disso¬ 
ciated  configuration  A  +  B  +  C)  need  be  included  in 
the  calculations,  we  re-expand,  after  that  integration, 
the  wavefunction  i p  in  Ra,ra  and  RySy  coordinates, 
using  the  numerically  determined  eigenfunctions 
&*/?<>  (O  and  ^7 ny(ry)  the  isolated  reagent  and 
product,  respectively,  as  the  new  basis  functions.  In 
this  manner,  we  obtain  \f/  and  its  /?x  derivative  along 
lines  of  constant  f?x  =  R  x  (X  =  a,  7).  We  call  this 
procedure  a  projection  of  0  on  the  asymptotic 
reagent  and  product  states.  From  the  coefficients  of 
this  new  expansion,  the  R,S,  and  P  matrices  are 
calculated  by  standard  techniques  [13,16].  For  H  + 
H2,  this  procedure  leads  to  results  converged  to  1% 
or  better  for  values  of  R  x  of  =»8  bohr  or  less  [13], 
Alternatively,  one  can  omit  this  projection  altogether, 
since  as  p-*  00  the  0n(o;p)  for  negative  eigenvalues 
become  the  separated  reagent  or  product  eigenstates 
(or  their  even  and  odd  linear  combinations  for  sym¬ 
metric  systems).  However,  this  leads  to  a  large- 
amplitude  oscillatory  behavior  of  the  reaction  prob¬ 
abilities  with  p,  as  found  by  Romelt  [19],  which  re¬ 
quires  integration  to  appreciably  larger  values  of  p. 

At  total  energies  E  for  which  dissociative  chan¬ 
nels  must  be  included  in  the  expansion  to  achieve 
convergence,  as  is  the  case  for  all  collision  energies 
above  the  dissociation  limit,  we  have  chosen  to  pro¬ 
ject  the  bound-state  channels  as  described  above, 
and  not  to  project  the  continuum  ones  at  all.  In  the 
p  -*■ 00  limit  these  results  converge  to  the  correct 
ones,  while  maintaining  the  rapid  rate  of  conver¬ 
gence  for  the  bound-to-bound  transition  probabili¬ 
ties.  Other  projection  methods  are  possible  and  are 
being  investigated. 

#A  method  similar  to  that  of  ref.  (131,  using  the  same  coor¬ 
dinates  but  a  different  asymptotic  analysis,  has  been  de¬ 
veloped  by  Hauke  et  at  [18]  and  used  by  Rdmclt  [19]. 
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The  resulting  scattering  matrix  S  is  discrete,  and 
the  scattering  wavefunction  ipan<*,  corresponding  to 
the  system  being  initially  in  bound  state  na  of  the 
diatomic  target  BC,  has  the  asymptotic  form  (for 
asymmetric  systems,  in  which  atoms  A  and  C  are  dif¬ 
ferent) 

£.  lexpC-i*xvv*A'>5V»V 

x'"V 


+  P~ 1/2  £  exp(i kp)(vXn  /v^lZS^Hnia?0)  ■ 

"  (3) 

In  this  expression,  the  sum  over  \'n\’  extends  over 
all  bound  states  of  BC  and  AB,  whereas  the  sum  over 
n  extends  over  the  continuum  (En  >  0)  states.  The 
several  k  and  v  represent,  respectively,  the  appropri¬ 
ate  channel  wave  numbers  and  velocities.  In  terms 
of  the  elements  of  the  scattering  matrix  appearing 
in  ( J ),  the  bound-to-bound  and  total  bound-to- 
dissociated  transition  probabilities  are  given,  respec¬ 
tively,  by 


-  | I2 

*»Y  ‘-V/iV1  > 


£|S*nM2.  (5) 

n 

The  differential  probability  for  producing  dissociated 
products  for  which  atom  A  has  a  center  of  mass  en¬ 
ergy  Ea  is  given  by 

<#*x(£A)=|dcr/d£A| 

X  Re[E  0*(o;oo)0n,(a;oo)(^«X)*s^xl  ,  (6) 

L  nn'  -I 

where  a  is  related  to  E  K  by 

Ea  =  Etax  cos2or , 


E%**  =  [(mp  +  my)/(ma  +mp+  m7)J£ .  (7) 

The  total  dissociation  probability  is  related  to  the 
differential  one  by 

o$"*(EA)d£A.  (8) 

0 

For  symmetric  systems,  the  0n(o;»)  in  eqs.  (3)  and 
(6)  must  be  replaced  by  appropriate  linear  combi¬ 
nations  of  the  even  and  odd  surface  functions. 


3.  Potential  energy  surface 

In  order  to  test  the  method  described  above  with¬ 
out  excessive  emphasis  on  bound  states,  we  con¬ 
structed  a  model  collinear  potential  energy  surface 
for  which  the  isolated  diatomic  reagent  or  product 
potential  energy  curves  supported  only  two  such 
states,  in  analogy  with  weak  van  der  Waals  mole¬ 
cules.  The  mathematical  form  chosen  for  this  sur¬ 
face  was  of  the  rotating  Morse-cubic-spline  type 
[20].  The  three  atoms  considered  were  identical 
but  distinguishable  (by  virtue  of  their  relative  posi¬ 
tion  on  the  line  to  which  they  were  confined),  and 
were  assigned  a  mass  equal  to  that  of  a  hydrogen 
atom.  The  corresponding  isolated  diatomic  mole¬ 
cules  were  chosen  to  have  Morse  parameters  [21] 

Dt  =  0.22  eV, (3=  1.6  bohr -1,  and  re  =  1.40083 
bohr.  The  energies  of  the  two  bound  states  support¬ 
ed  by  each  of  these  Morse  oscillators  was  0.0817  and 
0.1 885  eV  above  the  bottom  of  the  diatom  well. 

The  saddle  point  occurred  at  internuclear  distances 
rAB  =  rB C  ~  1-6496  bohr,  and  its  height  was  0.14 
eV.  In  fig.  1  we  display  a  contour  plot  of  this  potential 
energy  function,  and  in  fig.  2  we  indicate  schemat¬ 
ically  its  features  along  the  minimum  energy  path. 


Fig.  2.  Schematic  diagram  of  the  potential  energy  function 
characteristics  along  the  minimum  energy  path  in  Delves’  co¬ 
ordinate  space,  r  is  the  distance  along  that  path  measured 
from  the  saddle  point  configuration,  and  K(s)  the  correspond¬ 
ing  potential  energy.  The  horizontal  lines  indicate  the  energy 
levels  of  the  bound  states  (t>  ■  0  and  1)  of  the  isolated  diatoms 
and  of  the  dissociated  configuration. 
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4.  Results  and  discussion 

The  results  of  these  calculations  as  well  as  those  of 
quasi-classical  trajectory  ones  as  a  function  of  relative 
translational  energy  are  given  in  figs.  3  and  4  for  re¬ 
agents  in  their  ground  and  vibrationally  excited  states, 
respectively.  Convergence  of  the  transition  probabili¬ 
ties  to  sO.02  or  better  was  achieved  with  ten  even  and 
ten  odd  basis  functions  [13].  The  maximum  value 
f’max  P  needed  to  achieve  this  convergence  was 
64  bohr. 

At  the  same  translational  energy,  enhancement  of 
the  CID  probabilities  by  reagent  vibrational  excitation 
is  clearly  observed,  in  agreement  with  a  number  of  re¬ 


cent  studies  [10,1 1,22].  Up  to  translational  energies 
of  0.10  eV  for  vibrationally  excited  reagents  and  0.1 5 
eV  for  ground-state  ones,  the  probability  of  the  ex¬ 
change  reaction  occurring  without  change  of  vibra¬ 
tional  quantum  number  is  significantly  larger  than 
the  one  with  change  in  that  number.  Up  to  total  en¬ 
ergies  of  0.32  eV  the  non-reactive  inelastic  process 
0  -*  1  (and  1  -*  0)  has  probabilities  smaller  than  0.03 
and  is  not  shown  in  figs.  3  and  4. 

The  quasi-classical  trajectory  results  display  the 
same  general  features  as  the  accurate  quantum  ones, 
giving  confidence  that  classical  mechanics  furnishes 
an  adequate  qualitative  description  of  the  system’s 
dynamics.  However,  errors  of  a  factor  of  two  or 


Total  Energy  /eV 


Fig.  3.  Transition  probabilities  as  a  function  of  relative  translational  energy  and  total  energy  for  ground-state  reagents,  (a)  Quantum 
mechanical  (QM,  solid  Une)  and  quasi-classical  (CL,  dashed  line)  total  probabilities  for  reactive  (R),  non-reactive  (N),  and  disso¬ 
ciative  (0)  processes.  The  arrows  on  the  lower  abscissa  labelled  £,  and  indicate  the  energies  of  the  first  vibrationally  excited 
state  of  the  reagent  and  the  reagent  dissociation  energy ,  respectively,  (b)  State-to-state  quantum  mechanical  probabilities  for  vi- 
brationally  adiabatic  (foL  dotted  line)  and  vibrationally  non-adiabatic  (T’ft,  dashed-dotted  line)  reactive  processes.  The  dissocia¬ 
tion  probability  curve  (ine)  jj  included  again  for  comparison  purposes.  Arrows  in  the  abscissa  have  the  same  mean¬ 

ing  as  in  (a). 
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Fig.  4.  Transition  probabilities  as  a  function  of  relative  translational  energy  and  total  energy  for  the  diatom  reagent  in  its  first  (and 
only)  vibrationally  excited  state.  Notation  is  the  same  as  for  fig.  3. 

greater  are  encountered  in  the  quasi-classical  proba-  This  hyperspherical  coordinate  approach  has  been 

bilities  when  compared  with  the  quantum  ones.  shown  recently  to  be  very  suitable  for  handling  heavy— 

We  wish  to  emphasize  the  ease  with  which  these  light -heavy  collinear  reactive  systems  [17].  The  pres- 

calculations  may  be  performed.  The  relatively  large  ent  work  indicates  that  it  is  also  suitable  for  collinear 

value  of  pmax  required  for  good  convergence  of  the  CID  calculations.  Extension  of  the  method  to  en- 

transition  probabilities  does  not  increase  the  computa-  compass  electronically  non-adiabatic  processes  should 

tion  time  excessively  since  in  the  large  p  region  the  in-  be  straightforward  [23,24].  The  treatment  of  CID  in 

tegration  step  is  quite  large  (X).l  bohr)  and  the  cal-  atom-diatom  collisions  can,  in  principle,  be  extended 

culation  time  increases  only  linearly  with  the  number  to  the  three-dimensional  physical  world,  since  the  cor- 

of  integration  steps.  In  addition,  a  more  appropriate  responding  generalization  of  the  surface  functions 

asymptotic  analysis  may  permit  a  decrease  in  Pmax.  still  forms  an  infinite  discrete  set  [15,16],  This  ex- 

The  relatively  small  value  of  the  number  of  En  >0  tension  is  particularly  important,  since  it  has  been  ob- 

channels  of  each  parity  needed  to  provide  an  adequate  served  in  classical  trajectory  calculations  [25]  that  a 
discretized  representation  of  the  dissociation  continu-  collinear  model  cannot  ade~  .  tely  describe  the  dy- 

um,  namely  eight,  for  the  energy  range  considered,  is  namics  of  CID.  However,  the  i  irge  number  of  channels 

encouraging,  since  the  computation  time  varies  ap-  involved  in  such  three-dimensional  systems  will  un- 

proximately  as  the  cube  of  the  number  of  coupled  doubtedly  require  the  introduction  of  approximations 

channels.  in  the  calculation. 
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In  summary,  hyperspherical  coordinates  seem  to 
provide  a  very  useful  language  for  the  description  and 
elucidation  of  the  dynamical  processes  occurring  in 
molecular  collisions,  including  collision-induced  dis¬ 
sociation  and  its  reverse,  three-body  recombination. 
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were  found  to  be  of  only  secondary 

importance  compared  with  either  CID  or  vibrationally  adiabatic 
ones.  The  activation  energies  for  CID  were  found  to  be  substan¬ 
tially  in  excess  of  the  energetic  threshold.  The  exchange  reac¬ 
tion  was  found  to  be  vibrationally  enhanced,  the  reagent  vibra¬ 
tional  excitation  being  partly  effective  in  lowering  the  activation 
energy  of  the  reaction.  Indication  of  a  resonance  in  the  heavy- 
light-heavy  system  has  been  found  in  spite  of  the  large  barrier 
to  reaction.  Quasi-classical  trajectory  calculations  on  the  light- 
light-light  system  suggest  that  classical  mechanics  furnishes  an 
adequate  representation  of  the  main  features  of  the  dynamics  in 
these  systems. 
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L^^ngODUCTION 

The  collision-induced  dissociation  (CID)  of  diatomic  molecules 

A+BC  — *  A  +  B  +  C  (1) 

and  its  inverse  process  three-body  recombination 

A+B  +  C  ~ *  A  +  B  (2) 

have  been  of  great  interest  over  the  years  to  both  experimentalists  and 

theoreticians.  To  experimentalists,  much  of  the  interest  has  arisen 

from  unusual  temperature  dependence  of  the  rate  of  these  reactions: 

the  activation  energy  for  CID  is  frequently  less  than  the  dissociation 

energy  of  the  diatomic  molecule,  *  and  the  rate  of  three-body  recom- 

2 

bination  frequently  decreases  with  increasing  temperature. 

To  theoreticians,  however,  the  challenge  has  been  to  describe 
the  dynamics  of  the  collision  process  itself  from  first  principles. 
Because  of  the  double  continuum  of  product  states  inherent  in  CID,  this 
is  far  more  complicated  for  this  process  than  for  the  usual  inelastic 
and/or  reactive  atom-diatomic  molecule  collision  problem, 


A  +  BC(n) 


A  +  BC(n' ) 
AB(n")  +  C  , 


where  n  represents  the  set  of  all  quantum  numbers  (electronic,  vibra¬ 
tional,  and  rotational).  Extension  of  the  coupled-channel  formulation 
to  exact  quantum  mechanical  calculations  of  CID,  occurring  in  compe- 

3 

tition  with  exchange  processes,  has  previously  not  been  possible. 
Information  about  the  CID  process  (and  its  inverse  process 

three-body  recombination)  has  been  obtained  from  models  based  on 

4  5 

kinematics,  from  quasi-classical  trajectory  calculations,  from 


6  7 

semi-classicai  calculations,  and  from  statistical  models.  Quantum 
mechanical  treatments  have  been  limited  mainly  to  studies  of  systems 
in  which  only  CID  and  inelastic  nonreactive  processes  [such  as  those 
represented  by  Eq.  (3a)]  occur.  Only  recently  have  exact  quantum 
mechanical  methods  for  CID  for  systems  in  which  chemical  reactions 
[Eq.  (3b)]  may  also  occur  been  developed.  These  techniques  consist  of 
the  time-dependent  wave-packet  approach  developed  by  Kulander,10 
which  has  been  applied  to  the  collinear  H  +  system  above  threshold, 
a  multiple  collision  formalism  developed  by  Beard  and  Micha  (but  so 
far  applied  only  to  nonreactive  systems),  **  and  the  time- independent 

hyper  spherical  coordinate  methods,  developed  independently  by 

12  13 

Kuppermann  et  al.  and  Manz  et  al. 

The  ability  to  study  reactive  systems  is  important,  as  experi¬ 
ments  and  quasi-classical  trajectory  calculations  suggest  that  CID 
and  its  inverse  process,  three-body  recombination,  is  much  more 

Q 

rapid  in  reactive  systems  than  in  nonreactive  ones.  In  addition,  the 

detailed  nature  of  the  dissociation  or  recombination  processes  may  be 

different  in  reactive  and  nonreactive  systems  due  to  the  greater 

g 

diversity  of  types  of  collisions. 

As  accurate  quantum  studies  of  CID  are  relatively  new,  it  is 

important  to  perform  studies  that  help  to  develop  intuition  about  the 

effect  on  the  CID  process  of  changes  in  the  potential  energy  surface 

and  in  the  masses  of  the  atoms  involved.  Most  such  studies  have  been 

limited  to  nonreactive  systems,  notably  the  quasi-classical  trajectory 

14 

calculations  of  Wong  and  Burns  on  rare-gas  plus  bromine  collisions 

and  the  collision-induced  ion-pair  experiments  of  Tully 

15 

et  al.  on  rare  gas  plus  alkali  halide  systems  and  of  Parks  et  al.  on 
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rare  gas  plus  thallium  halide  monomer  and  dimer  systems. 

In  this  work  we  will  discuss  in  detail  the  results  of  exact  collinear 

quantum  mechanical  CID  calculations  on  a  model  reactive  potential 

energy  surface  for  three  different  mass  combinations:  mA  =  mg  = 

m^  =  1;  mA  =  =  10,  mfi  =  1;  and  =  mc  =  1,  mB  =  35,  in  units 

of  the  H-atom  mass.  Results  for  one  of  these  mass  combinations 

(and  comparisons  with  collinear  quasi- classical  trajectory  calculations) 

12c 

have  been  summarized  previously.  We  will  analyze  and  interpret 
the  probability  versus  energy  curves  and  temperature  dependence  of 
the  corresponding  CID  and  exchange  reaction  rate  constants  for  the 
three  cases  studied. 

In  Sec.  n  we  describe  the  potential  energy  surface  and  different 
mass  combinations  used  in  these  calculations.  In  Sec.  m  we  briefly 
review  the  application  of  the  hyper  spherical  coordinate  methods  to 
CID.  In  Sec.  IV  we  present  the  results  obtained  in  these  calculations, 
which  are  analyzed  and  discussed  in  Sec.  V.  Finally,  in  Sec.  VI  we 
summarize  our  results. 


n^^^POT^NTIAl^ENERGY^SURFA^^ 

The  potential  energy  surface  V  vised  in  the  calculations  reported 

17 

here  is  of  the  rotating  Morse  cubic  spline  type,  and  has  been  briefly 

1 2h 

described  previously.  The  three  atoms  are  labeled  A,  B,  and  C, 
with  B  always  occupying  the  middle  position,  and  RAB  and  Rg^,  repre¬ 
senting  the  distance  of  the  latter  to  A  and  C,  respectively.  For  RAB  > 

7  bohr  and  Rg^,  <  7  bohr,  the  potential  energy  function  is  that  of  a 
Morse  oscillator 

^Rab.RbC*  =  Defte"i3<RBC  Req)-  -  W 

where  Dg  =  0. 22  eV,  0  =  1.6  bohr-1,  and  Re^  =  1. 40083  bohr.  For 
RBC  >  7  bobr  and  RAB  <  7  an  expression  analogous  to  (4),  with 

the  roles  of  RAB  and  RgC  interchanged,  is  used.  For  both  RAfi  and 

rbc  sreater  than  7  bohr>  v(rab,rbc)  =  °*  FinaUy>  for  rAB  RBC 

both  smaller  than  7  bohr,  V  is  defined  in  Ref.  17.  It  has  the  form  of  a 
Morse  curve, 

V(RAB,RBC>  *  D(«){(1  -  exp [0(»)Ueq(fl)  -  Of  -  1}+  D(0  =  0). 

In  this  expression,  9  is  the  swing  angle  defined  in  Fig.  1  around  the 

point  S  whose  coordinates  are  RAB  =  Rg^  =  7  bohr,  and  l  is  the  distance 

of  the  point  p(rab,RBC^  to  S.  9  varies  from  0°  to  90°,  and  the  9- 

dependent  Morse  parameters  D(0),  £  (0)  and  0(0)  are  symmetric  with 

6q 

respect  to  9  =  45°  and  are  defined  as  follows.  D(0)  is  given  by  the 
Gaussian  function 

D(0)  =  Dg  -  b{exp[-c(  |  -  0)2]  -  exp[-c(  |)2]}  ,  (5) 

where  b  =  0. 14101  eV  and  c  =  8.  00876  rad-1,  yielding  a  classical  barrier 
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height  of  0. 14  eV.  The  functions  £  (0)  and  0(0)  are  given  in  Table  I 

eq 

for  eight  values  of  0  in  the  range  0°  to  45°.  For  intermediary  values 

of  0 ,  they  are  obtained  by  a  cubic  spline  interpolation.  For  6  in  the 

range  of  45°  to  90°,  they  are  obtained  by  the  symmetry  condition  with 

18 

respect  to  8  =  45°.  A  plot  of  the  potential  energy  surface  in  Delves 
mass  scaled  coordinates  for  the  mass  combination  1  -  1  -  1  is  given  in 
Fig.  2.  As  described  previously,  for  this  mass  combination,  asymp¬ 
totically  the  Morse  oscillator  supports  two  ground  states,  with  energy 
eigenvalues  of  0.  0817  and  0. 1885  eV  above  the  bottom  of  the  isolated 
di  atomic  well. 

In  order  to  help  elucidate  the  nature  of  the  dependence  of  CID  on 

masses,  we  considered,  in  addition,  the  mass  combinations  10-1-10 

and  1-35-1.  These  were  chosen  to  broadly  scan  the  possible  range 

18 

(0°  to  90°)  of  skew  angles  in  Delves  mass  weighted  coordinates,  as  it 

is  known  that  this  skew  angle  plays  a  major  role  in  determining  the 

dynamics  of  a  reactive  system  independent  of  the  nature  of  the  forces 

19 

between  the  atoms.  These  mass  combinations  give  skew  angles  of 
24.  62°  and  88.41°,  respectively,  whereas  the  skew  angle  for  the  1-1-1 
combination  is  60°.  Various  properties  of  the  different  mass  combina¬ 
tions  are  summarized  in  Table  n.  Of  particular  note  is  the  fact  that  for 
the  10-1-10  and  1-35-1  mass  combinations,  there  are  three  bound 
states  of  the  isolated  diatomic  molecules,  as  opposed  to  two  for  the 
1-1-1  combination.  Also,  the  two  lowest  eigenvalues  of  the  isolated 
1-10  and  35-1  diatomic  molecules  are  quite  similar,  which  suggests 
that  differences  in  CID  for  these  two  systems  cannot  be  attributed  to 
differing  amounts  of  reagent  vibrational  excitation  energy. 


■i 
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m.  THE  HYPERSPHERICAL  COORDINATE  METHOD  AND  ITS 
APPLICATION  TO  CID 


The  hyperspherical  coordinate  method  has  been  outlined  previous- 
12a  20 

ly  ’  and  we  will  not  repeat  the  formalism  in  detail  here.  We  have 
also  indicated  briefly  how  the  method  is  applied  to  CID,  and  will  expand 
upon  that  aspect  of  the  treatment. 

In  the  hyperspherical  coordinate  approach,  the  primitive  wave- 
functions  a)  are  expanded  in  terms  of  a  discrete  set  of  basis 
functions, 

i  N 

tf/j(p,a)  =  p  2  £g.. (p,p)4>.(a;p)  ,  (6) 


where  p  and  a  are,  respectively,  the  distance  and  angle  coordinates  of 
a  point  in  Delves’  configuration  space,  and  p  is  the  value  of  p  at  which 
the  diabatic  basis  functions  <f>^  are  calculated.  The  use  of  a  diabatic 
basis  set  gives  rise  to  a  parametric  dependence  of  the  expansion  coeffi¬ 
cients  g. .  on  p.  N  is  the  number  of  channels  included  in  the  calculation. 

12a 

As  indicated  previously,  when  p  is  sufficiently  large  and  the 

A  +  BC  and  AB  +  C  configurations  are  sufficiently  separated  from  one 

another  by  the  dissociative  plateau,  we  may  rewrite  that  portion  of 

the  wavefunction  that  correlates  asymptotically  with  the  BC  or  AB  by 

reexpanding  it  in  terms  of  the  eigenfunctions  of  the  corresponding 

18 

isolated  diatomic  molecule  [in  Delves  coordinates], 


N 


BC 


A+BC(P,  a)  =  2  1>^+BC(Ra;  Ra  =  ®)xf +BC(r a;Ra  =  «).  (7) 

i=l 


AB+C 

a  similar  expression  being  used  for  \js "  .  Using  the  orthogonality  of 

the  basis  set  ^A+BC^  -r  _  qq\  the  h^+B^  coefficients  defined  above 

A  A  n  1  j 


■9 


<# 


<0 


-0 


0 


0 


0 
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can  be  calculated  £rom 


<+BC(ra;ra  =  »>  ■  /  X 


_  rA(max) 


A+BC 


<rA;RA  =  0O> 


rA(min) 

x  ^b,  A+BC(p  a)drA  ? 


(8) 


where  the  integration  limits  are  chosen  so  that  contributions  to  the 

integral  from  outside  their  range  are  negligible.  In  this  expression, 

p  and  a  are  functions  of  rA  and  RA  through  the  relations  p  =  (rA+RA)2 

and  a  =  tan-1(rA/RA).  The  derivative  of  the  radial  wavefunction  matrix 
A+BC 

h  with  respect  to  RA  is  obtained  by  differentiating  Eq.  (8)  with 
respect  to  this  variable. 

In  the  symmetric  systems  studied  here  (where  the  mass  combina¬ 
tion  is  of  the  A  +  BC  type),  a  projection  onto  the  basis  functions  of  the 

isolated  AB  diatomic  need  not  be  performed  explicitly,  as  ^A+BC  = 
AB+C 

Xj  when  A  =  C.  In  this  case,  we  may  obtain  the  corresponding 
radial  wavefunction  matrix  elements  from  the  relationship 


h5B+C(RC:RC  -  •>  - 


hij+BC(RA’RA  =  ®)  if  tf'j  is  symmetric 
A+BC  - 

-h.j  (Ra;Ra  =  oo)  if  \f/.  is  antisymmetric  , 


where  the  symmetry  of  if/.  is  about  the  line  a  =  ®max /2.  The  derivatives 
h'  are  similarly  related. 

The  matrix  G  of  the  coefficients  used  in  the  asymptotic  (R  and  S 
matrix)  analysis  is  given  by 
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XA+BC 

'ab+c 


Po*SUn 


A+nr 

where  h  is  evaluated  at  a  large  value  of  R^,  chosen  arbitrarily, 
and  is  evaluated  at  R^,  =  R^.  The  value  of  p  at  which  the  unpro¬ 

jected  gun  is  evaluated  can  be  chosen  according  to  different  criteria. 

One  is  to  make  it  equal  to  R^.  Another  is  to  make  it  equal  to  [RA  + 

1  2  1 
rA(max)2  ]*.  Still  another  is  to  pick  [Ra  +  r  Aq  (RA)]* ,  where  r^*(RA) 

is  the  value  of  rA  for  which  V(RA,  r  A)  has  a  minimum  for  a  given  R^. 

Alternate  choices  are  obtained  by  interchanging  the  roles  of  A  and  C. 

In  the  limit  as  RA  ~  ®,  all  of  these  should  lead  to  the  same  result.  In 

the  calculations  reported  here,  we  selected  the  second  criterion.  The 

derivative  G'  is  defined  by  the  expression 

/h'A+BC  \ 

G'  =  I  h'AB+C  j  (11) 

VV""-  ip.'iiun/ 

where  g' 1111  is  also  calculated  at  the  same  value  of  p  as  g1111. 

21  22 

In  the  asymptotic  analysis,  ’  the  eigenvalues  of  the  bound 
states  are  precisely  their  asymptotic  values  due  to  the  invariance  of  the 
potential  beyond  the  R^B’^BC  cuto*f  defined  in  the  previous  section. 

The  eigenvalues  of  the  continuum  states  decrease  continuously  with 
increasing  p,  however,  and  the  local  wavenumber  associated  with  each 
channel  is  nonzero  and  unique.  At  an  infinite  value  of  p  and  p,  all 
continuum  eigenvalues  would  be  zero,  however.  Thus,  stopping  integra¬ 
tion  short  of  p  =  ®  leads  to  approximations  in  the  method,  notably  the 
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assumption  that  the  basis  set  {x^+I3^,  ^AB+C^  <K E  >  0)}  is  orthonormal, 
which  is  not  true  at  finite  p. 

As  a  result  of  this  approximation,  the  convergence  of  state-to- 
state  reaction  probabilities  with  the  stopping  point  of  the  integration  p 

aS 

(where  the  asymptotic  analysis  is  performed)  is  not  nearly  as  rapid  as 
in  the  bound-bound  problem  we  have  studied.  For  the  1-1-1  mass 
combination,  plots  of  dissociation  probability  versus  integration  stopping 
point  displayed  what  could  best  be  described  as  damped  oscillations. 

By  carrying  integration  in  that  system  to  p  =  76  bohr,  all  probabilities 
seem  to  be  converged  to  ±  0.  01;  most  probabilities,  especially  those 
involving  the  v  =  0  state,  should  be  even  better  converged.  For  the 
10-1-10  and  1-35-1  mass  combinations,  integration  was  carried  out  to 
p  =  90  and  p  =  45  bohr,  which  correspond  to  about  the  same  value  = 
RBC  =  30  at  wilich  the  integration  was  stopped.  The  differ¬ 

ence  in  these  three  values  of  p  is  due  to  the  mass  scaling  inherent  in  the 
Delves  coordinate  systems.  Ten  even  and  ten  odd  channels  were  used 
in  the  integration  of  the  coupled  equations  in  the  1-1-1  system;  12  of 
each  were  used  for  the  two  others.  Flux  was  conserved  to  better  than 
3%  in  the  1-1-1  calculations,  4.  5%  in  the  10-1-10  calculations,  and 
12.  5%  in  the  1-35-1  calculations.  These  limits  were  obtained  at  the 
highest  energies;  at  lower  energies,  the  flux  conservation  was  far 
better.  Since  our  interests  here  are  mainly  qualitative  (i.  e. ,  to  con¬ 
sider  general  dependence  at  CID  on  the  initial  reagent  vibrational  state 
and  on  the  mass  combination),  we  considered  these  calculations  to  be 
sufficiently  accurate  for  analysis. 


-12- 


Rate  constants  were  obtained  from  the  calculated  reaction  prob¬ 
abilities  by  straightforward  numerical  integration,  assuming  an  equilib¬ 
rium  (Boltzmann)  distribution  of  relative  kinetic  energies.  For  the 
1-1-1  system,  rate  constants  were  calculated  using  results  obtained 
from  scattering  calculations  in  which  the  integration  was  stopped  at 
p  =  32  bohr,  as  calculations  were  performed  for  far  more  energies  in 
these  calculations  than  in  those  in  which  the  integration  was  carried  out 
to  p  =  76  bohr. 

Arrhenius  parameters  (pre -exponential  factors  and  activation 
energies)  were  obtained  by  a  least- squares  fit  to  the  rate  constant  data 
over  a  region  of  temperature  in  which  the  Arrhenius  plots  (logarithm  of 
rate  constant  versus  inverse  temperature)  were  linear. 
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IV.  RESULTS 

We  have  studied  the  dynamics  of  the  model  system  described 
above  for  the  mass  combinations  1-1-1,  10-1-10,  and  1-35-1  up  to  an 
energy  0.  25  eV  above  the  dissociation  energy  of  the  isolated  diatomic 
molecules.  Our  attention  has  been  focused  on  the  probabilities  of 
reaction  and  dissociation  as  a  function  of  translational  energy  and  of 
reagent  vibrational  excitation.  We  have  looked  at  the  amount  of  vibra¬ 
tional  nonadiabaticity  in  the  exchange  reactions,  and  have  calculated 
state-to-all  and,  in  some  cases,  state- to- state  rate  constants  (and 
their  associated  Arrhenius  parameters). 

Plots  of  state- to- state  reaction  probability  versus  reagent  trans¬ 
lational  energy  for  the  1-1-1,  10-1-10,  and  1-35-1  mass  combinations 
are  shown  in  Figs.  2,  3,  and  4,  respectively.  The  figures  are  con¬ 
structed  such  that  in  any  one  figure,  a  vertical  line  always  corresponds 
to  the  same  total  energy.  Hence,  the  translational  origins  in  each  panel 
within  a  figure  are  shifted  to  account  for  the  different  internal  energy  in 
each  reagent  vibrational  level.  In  Figs.  5,  6,  and  7,  similar  plots  are 
constructed  for  the  total  reactive,  nonreactive,  and  dissociative  prob¬ 
abilities.  Reactive  and  dissociative  rate  constants  in  the  temperature 
range  200°  K  <  T  <  650°  K  for  the  three  mass  combinations  are  given  in 
theformof  Arrhenius  plots  (in  °K  versus  1/T)  in  Figs.  8,  9,  and  10. 
Finally,  in  Fig.  11,  we  present  Arrhenius  plots  of  state-to- state 
reactive  (and  dissociative)  rate  constants  for  the  1-35-1  mass  combina¬ 
tion,  as  that  is  the  one  with  the  greatest  amount  of  vibrational  nonadia¬ 
baticity  and  dissociation. 
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V.  DISCUSSION 

Two  main  features  are  evident  in  the  results  obtained  from  these 
calculations.  First,  there  is  substantial  vibrational  enhancement  of 
CID  as  the  reagent  vibrational  energy  is  increased,  in  all  of  the  systems 
studied.  Second,  there  is  a  major  difference  in  the  CID  probability  ver¬ 
sus  energy  curves  for  the  three  different  mass  combinations.  In  addi¬ 
tion,  important  information  is  contained  in  these  results  about  the  rela¬ 
tive  importance  of  CID,  reaction,  and  nonreactive  processes,  the  magni¬ 
tude  of  vibrational  nonadiabatic  processes,  and  the  possible  importance 
of  resonances  in  chemical  reactions  occurring  in  this  model  system. 

We  now  proceed  to  examine  these  points  in  greater  detail. 

The  probabilities  for  reaction  and  for  CID  displayed  in  Figs.  3  to 
7  clearly  demonstrate  the  importance  of  vibrational  enhancement  of  CID. 
While  this  is  clearest  in  the  10-1-10  mass  combination,  it  is  still  quite 
clear  in  the  1-1-1  mass  combination,  particularly  in  the  region  of  the 
first  peak  in  the  CID  versus  energy  probability  curves,  in  which  the 
probability  for  CID  from  the  v  =  1  state  is  some  40  times  that  from  the 
v  =  0  state.  At  higher  energies,  the  enhancement  is  less  pronounced. 

The  vibrational  enhancement  is  smallest  for  the  1-35-1  mass  combina¬ 
tion.  In  fact,  up  through  about  0.  08  eV  above  dissociation,  the  prob¬ 
ability  of  CID  from  the  v  =  0  state  is  higher  than  that  from  the  v  =  1  state, 
although  this  is  reversed  at  higher  energies.  The  probability  of  CID 
from  the  v  =  2  state  is  nearly  always  higher  than  that  from  the  v  =  0  and 
v  =  1  states  for  this  mass  combination,  except  at  the  energy  of  the 
minimum  in  the  v  =  2  CID  probability  versus  energy  curve. 
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The  vibrational  enhancement  of  CID  can  also  be  seen  by  consider¬ 
ing  the  rate  constants  for  dissociation  (kP )  shown  in  Figs.  8  to  10. 

There  is  a  large  increase  in  the  rate  constant  with  reagent  vibrational 
excitation,  much  of  which  can  be  attributed  simply  to  the  decrease  in 
the  energetic  threshold  for  CID  with  reagent  vibrational  excitation.  An 
estimate  of  the  magnitude  of  this  effect  can  be  obtained  by  consideration 
of  the  Arrhenius  pre-exponential  factors  and  activation  energies  asso¬ 
ciated  with  the  Arrhenius  plots  in  Figs.  8  to  10.  Such  an  analysis  for 
the  dissociation  curves  is  complicated  by  their  nonlinearity,  but  the 
curvature  is  sufficiently  small  that  we  may  obtain  reasonably  good  fits 
to  the  calculated  rate  constants  by  assuming  a  linear  Arrhenius  plot  in 
the  temperature  range  from  350- 650° K.  Pre-exponential  factors  b  and 
activation  energies  E_  for  the  exchange  reaction  and  CID  are  given  in 
Table  HI.  Considering  the  CID  Arrhenius  parameters  for  the  1-1-1  and 
10-1-10  mass  combinations,  the  pre-exponential  factors  increase  and 
the  activation  energies  decrease  with  increasing  reagent  vibrational 
excitation,  both  effects  contributing  to  an  increase  of  the  rates.  For  the 
1-35-1  mass  combination,  the  CID  pre-exponential  factors  are  all  approxi¬ 
mately  equal,  and  the  entire  vibrational  state  dependence  of  the  CID  rate 
constant  stems  from  decx  ?ases  in  the  activation  energy  with  increasing  v. 

In  all  cases  the  activation  energy  for  CID  is  far  greater  than  the 
corresponding  classical  energetic  threshold  for  this  process,  the  differ¬ 
ence  between  these  quantities  lying  in  the  range  from  40-70  meV.  This 
indicates  that  not  all  of  the  reagent  vibrational  energy  is  available  to 
overcome  the  barrier  to  dissociation,  resulting  in  an  extra  amount  of 
translational  energy  to  do  so. 


Vibrational  enhancement  of  CID  has  been  obtained  in  most  previ¬ 
ous  calculations  of  the  CID  process;  the  present  calculations  further 
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support  that  result.  ’  ’  In  one  previous  study,  CID  had  been  found 

to  be  inhibited  by  reagent  vibrational  excitation,  but  this  is  now  consid¬ 
ered  to  be  an  artifact  of  the  model  used  (impulsive  force  between  the 
incident  atom  and  the  target  atom  of  the  diatomic  molecule  in  a  collinear 
collision.  ^ 

The  state-tc  -all  exchange  reaction  probabilities  show  less  varia¬ 
tion  with  reagent  vibrational  excitation  than  do  the  CID  probabilities. 

This  may  be  easily  seen  on  examination  of  Figs.  5  to  7.  The  overall 
similarity  of  the  P?  curves  on  each  figure  is  striking.  This  particularly 
true  for  the  10-1-10  mass  combination  in  which  there  are  three  peaks  in 
each  of  the  curves,  with  the  energy  spacing  between  the  second  and  third 
peaks  far  greater  than  that  between  the  first  and  second  peaks.  The 
vibrational  enhancement  of  the  rate  of  reaction  is  reflected  in  the  rate 
constants  for  reaction  plotted  (using  solid  lines)  in  Figs.  8-10.  The 
Arrhenius  plots  of  these  rate  constants  are  linear  over  the  entire  200- 
650° K  temperature  range,  and  this  range  was  used  in  the  calculation  of 
the  Arrhenius  parameters,  which  are  included  in  Table  ID.  An  examina¬ 
tion  of  T'iole  in  shows  that  the  pre-exponential  factor  is  essentially 
independent  of  the  reagent  vibrational  state.  Thus,  as  in  the  case  of 
CID  for  the  1-35-1  mass  combination,  reagent  vibrational  excitation  only 
changes  the  activation  energy  for  the  exchange  reaction.  The  decrease 
in  activation  energy  with  reagent  vibrational  excitation  is  substantially 
smaller  than  the  added  vibrational  energy,  however. 


One  especially  noticeable  feature  of  the  exchange  reaction  prob¬ 
ability  curves  is  their  different  structure  for  the  three  different  mass 
combinations.  For  the  1-1-1  case,  these  reaction  probabilities  reach 
their  peaks  and  decrease  to  zero  shortly  above  the  opening  of  the  disso¬ 
ciation  channel  and  increase  slowly  at  higher  energies.  For  the  1-35-1 
case,  their  decrease  after  the  peak  is  much  slower,  and  there  is  no 
further  increase  beyond  the  first  maximum,  up  to  the  highest  energies 
used  in  these  calculations.  For  the  10-1-10  case,  however,  reaction 
probabilities  vary  substantially  with  reagent  translational  energy,  even 
at  the  highest  energies  considered.  It  should  be  noted  that  oscillatory 

behavior  in  the  reaction  probability  versus  energy  curves  for  heavy- 
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light-heavy  systems  has  been  observed  in  the  I-H-I  and  Cl-H-Cl 
systems.  Thus,  this  oscillatory  behavior  appears  to  be  a  feature 
common  to  systems  with  small  skew  angles. 

It  is  interesting  to  consider  the  importance  of  vibrationally  non- 
adiabatic  processes,  both  reactive  and  nonreactive,  as  they  are  important 
in  the  collisional  vibrational  excitation  or  relaxation  relevant  to  experi¬ 
mental  studies  of  CID,  especially  shock-tube  experiments.  We  will 
restrict  our  attention  here  to  vibrationally  nonadiabatic  exchange  reactive 
processes.  In  general,  the  probabilities  of  inelastic  nonreactive  processes 
of  the  type 

A'  +  BA(v)  A'  +  BA(v'^v) 

have  been  found  to  be  fairly  similar —  to  those  of  the  corresponding 

24 

reactive  processes 

A'  +  BA(v)  -*  A'  BCv7  *  v)  +  A. 

An  examination  of  the  relative  importance  of  vibrationally  nonadiabatic 
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and  CID  probabilities  is  of  interest  since  CID  can  be  considered  as  an 
extreme  case  of  vibrational  excitation  to  a  nonbound  state.  * 

In  general,  nonadiabatic  processes  are  seen  from  Figs.  2-4  to  be 
of  only  secondary  importance  (as  opposed  to  CIO  and  vibrationally  adia¬ 
batic  processes).  There  is  a  correlation  between  the  magnitude  of  CID 
and  vibrationally  nonadiabatic  processes  in  that  for  the  case  where  CID 
is  the  most  likely  (the  1-35-1  mass  combination),  the  latter  processes 
are  also  the  most  likely.  On  the  other  hand,  vibrationally  nonadiabatic 
processes  are  more  likely  for  the  10-1-10  mass  combination  than  they 
are  in  the  1-1-1  case,  however,  even  though  CID  is  more  prevalent  in 
the  latter  case  than  in  the  former. 

To  help  elucidate  the  relative  importance  of  the  exchange  reaction, 
both  vibrationally  adiabatic  and  nonadiabatic,  and  of  CID,  we  have 
obtained  Arrhenius  plots  of  the  state-to-state  reaction  and  CID  rate 
constants  for  the  1-35-1  case,  and  these  are  displayed  in  Fig.  11.  It  is 
clear  that  of  all  the  above  mentioned  processes,  vibrationally  adiabatic 
reaction  is  the  most  likely.  Further,  it  is  not  always  true  that  CID 
rates  are  smaller  than  all  the  other  bound-to-bound  rate  constants,  as 
has  been  assumed  in  some  models/ 

Finally,  we  wish  to  consider  the  possible  role  of  resonance  pro¬ 
cesses  in  this  model  system.  The  large  barrier  to  reaction  in  this 
system  (relative  to  the  dissociation  energy)  decreases  the  likelihood  of 
resonances  in  the  1-35-1  and  1-1-1  mass  combinations.  The  reason  is 
that  there  will  be  no  wells  in  the  vibrationally  adiabatic  correlation  dia¬ 
grams,  which  are  important  mechanisms  for  the  appearance  of  such 
resonances.  ’  This  picture  is  known  to  be  less  appropriate  for 


heavy- light- heavy  systems  like  the  10-1-10  mass  combination  being 
considered  here,  ’  which  still  leaves  the  possibility  that  there  may 
be  resonances  in  the  10-1-10  case,  in  spite  of  the  large  barrier. 

In  fact,  the  first  peak  in  the  P^  versus  energy  curve  for  this  sys¬ 
tem  can  be  shown  to  be  associated  with  a  resonance  by  construction  of 
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an  Argand  diagram,  ’  which  is  displayed  in  Fig.  12.  The  switch¬ 
over  from  a  clockwise  to  counterclockwise  sense  near  0. 15  eV  total 

energy  (as  the  diagram  is  traversed  in  the  direction  of  increasing 
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energies)  makes  the  resonant  nature  of  this  process  evident.  ’  The 

corresponding  peak  in  the  versus  energy  curve  does  not  appear  to  be 

associated  with  a  resonant  process  on  consideration  of  the  appropriate 

Argand  diagram  (Fig.  13).  The  curve  there  has  a  clockwise  sense  over 

the  entire  range  from  0. 18  to  0.  21  eV  total  energy,  signifying  that  there 

is  either  no  resonance  at  all  or  that  if  there  is  one,  it  is  masked  by  a 

direct  process  and  thus  unobservable  from  an  Argand  diagram.  An 
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analysis  via  the  collision  lifetime  matrix  eigenvalue  technique  would 
help  elucidate  this  point. 

We  have  performed  quasi-classical  trajectory  calculations  for  the 
1-1-1  mass  combination  and  have  found  their  results  to  be  qualitatively 
similar  to  the  quantum  mechanical  ones  (the  corresponding  curves  are 
plotted  in  Jigs.  3  and  4  of  Ref.  12b).  The  results  are  quantitatively 
sufficiently  different,  however,  that  rate  constants  for  CID  calculated 
using  the  quasi-classical  probabilities  were  substantially  different  at 
times  from  those  obtained  from  the  quantum  mechanical  probabilities. 

As  mentioned  in  the  Introduction,  very  little  work  has  been  done 
on  the  behavior  of  CID  in  reactive  systems.  Most  of  this  work  has  been 
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limited  to  quasi-classical  trajectory  calculations  on  the  H  +  ±2  system 

and  its  isotopic  counterparts,  frequently  including  systems  in  which 

9  29 

there  is  an  incident  tritium  atom.  *  This  case  corresponds  closely 
to  that  studied  in  nuclear  recoil  experiments  in  which  hot  tritium  atoms 
are  used.  Simple  calculations  using  kinematic  (i.  e. ,  hard  sphere) 
models  have  also  been  performed,  and  have  in  general  yielded  satisfact¬ 
ory  agreement  with  both  experiment  and  quasi-classical  trajectory 

4 

calculations. 


That  the  masses  of  the  colliding  partners  could  have  a  major  effect 

30 

on  the  CID  has  been  seen  for  some  time  in  nonreactive  systems.  Fan 

has  performed  collinear  quasi-classical  trajectory  calculations  on  the 

Xe  +  CsBr  —  Xe  +  Cs+  +  Br“  system,  and  found  that  dissociation  is  much 

more  likely  in  collisions  of  Xe  with  Br  than  of  Xe  with  Cs.  A  similar 

behavior  was  found  both  experimentally  and  in  quasi-classical  trajectory 

15 

calculations  by  Tully  et  al.  Their  results  suggest  that  collisions  lead¬ 
ing  to  dissociative  ion  pair  formation  are  near-collinear;  that  is,  they 
occur  with  their  relative  velocity  roughly  parallel  to  the  alkali  halide 
axis,  but  with  a  small  but  non-zero  impact  parameter.  Of  particular 
interest  is  the  fact  that  the  scattering  in  the  Xe-RbI  and  Xe-CsBr  sys¬ 
tems  was  very  similar,  which  suggests  that  it  is  the  masses  of  the 


atoms  (mRb  ~  mBr,  mCs 


~mj)  and  not  the  details  of  the  intermolecular 


forces  that  govern  CID  behavior.  Further,  in  their  experiments,  Tully 


et  al.  found  that  CID  rates  were  found  to  vary  more  with  changes  in  the 
alkali  halide  molecule  in  Kr-MX  collisions  than  in  Xe-MX  collisions. 


Additional  evidence  of  strong  mass  effects  in  CID  was  obtained  by 
31 

Shui  et  al. ,  who  found  that  a  modified  phase  space  theory,  which 


normally  predicts  CID  and  three-body  recombination  rates  fairly  well 
for  most  systems,  does  not  work  in  the  case  of  HF  and  HC1  dissociation 
in  Ar.  Their  method  involved  the  use  of  trajectories  calculated  for 
systems  in  which  all  the  atoms  and  molecules  had  similar  masses,  and 
they  attribute  the  inaccuracy  for  these  systems  to  different  dynamics 
than  in  most  other  cases. 

In  the  results  obtained  here,  we  have  also  seen  grossly  different 

dynamics  with  changes  in  the  atom  masses.  In  particular,  the  dynamics 

of  the  heavy-light-heavy  system  are  substantially  different  from  those 

31 

of  the  two  others,  lending  support  to  the  hypothesis  of  Shui  et  al. 

described  above.  Because  of  our  restriction  to  symmetric  systems  in 

the  present  calculations,  we  have  been  unable  to  consider  the  dependence 

of  CID  on  orientation  (i.  e. ,  A  +  BC  versus  A  +  CB),  as  was  considered 
30 

by  Fan,  but  we  do  hope  to  do  so  in  the  future. 


VL  SUMMARY  AND  CONCLUSIONS 


We  have  calculated  probabilities  for  CID  and  exchange  reaction 
for  the  collinear  triatomic  system  A  +  BA  on  a  model  potential  energy 
surface  for  three  different  mass  combinations,  using  the  hyperspherical 
coordinates  coupled-channel  technique.  The  mass  combinations  studied 
are  of  the  light- light- light,  light-heavy-light,  and  heavy- light-heavy 
types.  Substantial  vibrational  enhancement  of  CID  was  seen,  and  in  all 
three  systems  CID  was  found  to  be  most  important  for  the  1-35-1  mass 
combination  and  least  so  for  the  10-1-10  mass  combination.  Arrhenius 
plots  of  rate  constants  for  CID  are  reasonably  but  not  precisely  linear, 
and  over  the  temperature  range  350-600°  K  give  rise  to  activation  ener¬ 
gies  for  CID  which  are  substantially  (normally  40-70  meV)  greater  than 
the  energetic  thresholds. 

Probabilities  for  the  exchange  reaction,  both  vibrationally  adia¬ 
batic  and  nonadiabatic,  have  also  been  obtained.  In  general,  the  shapes 
of  the  reaction  probability  versus  energy  curves  vary  only  slightly  with 
reagent  vibrational  excitation.  There  are  substantial  differences  between 
the  curves  for  the  different  mass  combinations,  however.  Arrhenius 
plots  of  the  rate  constants  for  reaction  are  linear  over  the  entire  200- 
650°K  range.  For  each  mass  combination,  the  Arrhenius  pre-exponential 
factors  are  approximately  independent  of  reagent  vibrational  state;  the 
activation  energies  do  decrease  with  reagent  vibrational  excitation,  but 
the  magnitude  of  this  decrease  is  substantially  smaller  than  the  added 
reagent  vibrational  energy.  Vibrationally  nonadiabatic  processes  are 
found  to  be  less  important  than  vibrationally  adiabatic  processes  and 
CID.  Rate  constants  for  CID  are  usually  smaller  than  those  for  the 
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exchange  reaction,  but  this  is  not  always  true,  especially  at  the  upper 
end  of  the  range  of  temperatures  considered. 

We  have  shown  that  resonant  processes  can  be  important  at  ener¬ 
gies  not  far  from  dissociation  in  this  system  for  the  heavy- light- heavy 
mass  combination,  although  they  do  not  necessarily  occur  for  all 
reagent  levels. 

On  the  basis  of  quasi -classical  trajectory  calculations  performed 
on  the  1-1-1  mass  combination,  quantum  effects,  even  for  the  weakly 
bound  system  studied  here  with  the  light  masses  used,  are  fairly  small. 
Thus,  classical  mechanics  should  be  able  to  give  a  reasonably  good 
qualitative  picture  of  the  dynamics  in  these  systems,  although  not 
necessarily  a  quantitative  one. 

We  have  recently  modified  the  hyperspherical  coordinate  scattering 
program  to  allow  for  the  study  of  asymmetric  systems  (i.e. ,  three  non¬ 
equivalent  atoms),  and  hope  to  extend  our  studies  of  the  CID  process  to 
them  in  the  near  future. 
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Tabte^L  Parameters  for  rotating  Morse  cubic  spline  potential  used 
(notation  is  as  in  Ref.  17). 


0  (deg. ) 


0 

15 

25 

30 

35 

40 

43 


W8) 

(bohr) 

5.5993 
5. 7968 
6. 1774 
6.4636 
6. 8284 
7.2669 
7.  5047 
7. 5666 


m 

(bohr“l) 

1.600 

1.544 

1.458 

1.392 

1.321 

1.218 

1.142 

1.127 
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Table  jl.  Properties  of  potential  energy  surfaces  for  different  mass 
combinations. 


Case 

I 

n 

m 

Masses3 

1-1-1 

10-1-10 

1-35-1 

Skew  Angle 

60° 

24. 62° 

88.41° 

Reduced  Mass3’ b 

0.  5774 

2. 1822 

0.  9726 

Eigenvalues  of 
Isolated  Diatomic  (eV) 
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Table  EH.  Arrhenius  parameters  for  rates  of  reaction  and  dissociation.3 


Mass 

vc 

Exchange  Reaction 

Dissociation 

Combination^ 

in  bd 

V 

In  bd 

*ae 

0 

11.1 

0.  086 

8.5 

0.  213 

1-1-1 

1 

11.2 

0.  025 

10.3 

0.  072 

0 

10.0 

0.  098 

3.9 

0.208 

10-1-10 

1 

10.1 

0.  046 

5.7 

0.104 

2 

10.1 

0.015 

7.4 

0.082 

0 

11.7 

0.  014 

11.0 

0.215 

1-35-1 

1 

11.6 

0.  063 

10.9 

0.133 

2 

11.4 

0.  024 

11.2 

0.  061 

a  From  200  to  650°  K  for  the  exchange  reaction  and  350  to  600°  K  for 
dissociation. 

i. 

In  units  of  hydrogen  atom  masses. 
c  Reagent  vibrational  quantum  number. 
d  In  units  of  cm  •  molec-1sec-1. 
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FIGIJRE  CAPTIONS 

Figure  1.  Schematic  plot  of  the  coordinate  system  (4,  6)  for  the  rotating 
Morse  cubic  spline  surface.  S  is  the  swing  point  from  which  the  Morse 
oscillator  is  rotated. 

Figure  2.  Contour  plot  of  the  potential  energy  surface  for  the  model 
collinear  triatomic  system  studied  here  (1-1-1  mass  combination)  in 
Delves  scaled  coordinates  R^,  r^.  The  solid  curves  are  equipotential 
contours  at  the  total  energies  (with  respect  to  the  dissociated  system) 
indicated  at  the  high  side  of  the  figure.  The  dashed  line  is  the  path  of 
steepest  descent  from  the  saddle  point.  The  polar  coordinates  p,  a  of 
a  general  point  P  in  this  Rft,  rffl  configuration  space  are  also  indicated. 

Figure  3.  State-to-state  reaction  and  CID  probabilities  for  the  1-1-1 
mass  combination  as  a  function  of  relative  translational  energy  and  total 
energy  for  the  reagent  vibrational  states  v  =  0  (top  panel)  and  v  =  1 
(bottom  panel).  Total  energy  is  indicated  by  the  common  horizontal  scale 
(tic  marks  are  on  the  top  of  each  panel),  while  translational  energy  is 
indicated  at  the  bottom  of  each  panel.  Curves  are  for  vibrationally 
adiabatic  reaction  (solid  line),  vibrationally  nonadiabatic  reaction 
(dashed),  and  CID  (dashed-dotted).  Arrows  are  drawn  at  energies  at 
which  higher  vibrational  states  and  dissociation  become  energetically 
allowed,  and  are  labeled  on  the  top  figure,  e.  g. ,  Et  for  v  =  1,  E2  for 
v  =  2,  and  Ed  for  dissociation. 

Figure  4.  State-to-state  reaction  and  CID  probabilities  for  the  10-1-10 
mass  combination  as  a  function  of  relative  translational  energy  and  total 
energy  for  the  reagent  vibrational  states  v  =  0  (top  panel),  v  =  1  (center 


panel),  and  v  =  2  (bottom  panel).  Energies  and  arrows  are  as  indicated 
in  Fig.  3.  The  solid  curves  always  represent  the  vibrationally  adiabatic 
reaction  probability,  the  dashed-dotted  curves  always  represent  CED, 
and  the  dashed  and  dotted  curves  represent  vibrationally  nonadiabatic 
reaction  probabilities  as  indicated  in  the  figure. 

Figure  5.  State -to- state  reaction  and  CID  probabilities  for  the  1-35-1 
mass  combination  as  a  function  of  relative  translational  energy  and  total 
energy  for  reagent  vibrational  states  v  =  0  (top),  v  =  1  (center),  and  v  = 

2  (bottom)  panels.  All  markings  are  as  in  Fig.  4. 

Figure  6.  Probabilities  for  reactive  (solid  curve),  dissociative  (dotted 
curve),  and  nonreactive  (dashed  curve)  processes  as  a  function  of  rela¬ 
tive  translational  energy  and  total  energy  for  the  1-1-1  mass  combination 
for  vibrational  states  v  =  0  (top)  and  v  =  1  (bottom).  Arrows  and  energies 
are  as  in  Fig.  3. 

Figure  7.  Probabilities  for  reactive,  dissociative,  and  nonreactive 
processes  as  a  function  of  relative  translational  energy  and  total  energy 
for  the  10-1-10  mass  combination  for  reagent  vibrational  states  v  =  0 
(top),  v  =  1  (center),  and  v  =  2  (bottom).  Curves  are  as  in  Fig.  6; 
energies  and  arrows  are  as  in  Fig.  4. 

Figure  8.  Probabilities  for  reactive,  dissociative,  and  nonreactive 
processes  as  a  function  of  relative  translational  energy  and  total  energy 
for  the  1-35-1  mass  combination  for  reagent  vibrational  states  v  =  0 
(top),  v  =  1  (center),  and  v  =  2  (bottom).  Curves  are  as  in  Fig.  6; 
energies  and  arrows  are  as  in  Fig.  5. 

Figure  9.  Arrhenius  plot  of  rate  constant  (in  units  of  cm  •  molec-1  sec  1 ) 
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versus  inverse  temperature  for  reactive  and  dissociative  processes  for 
the  1-1-1  mass  combination.  Solid  lines  are  drawn  for  rate  constants  for 
reaction;  dashed  lines  are  used  to  indicate  those  for  dissociation. 

Absolute  temperature  is  indicated  at  the  top  of  the  graph. 

Figure  10.  Arrhenius  plot  of  rates  for  reactive  and  dissociative  pro¬ 
cesses  for  the  10-1-10  mass  combination.  Lines  have  the  same  mean¬ 
ing  as  in  fig.  9. 

figure  11.  Arrhenius  plot  of  rates  for  reactive  and  dissociative  pro¬ 
cesses  for  the  1-35-1  mass  combination.  Lines  have  the  same  meaning 
as  in  Fig.  9. 

figure  12.  Arrhenius  plot  of  rates  of  state -to- state  reactive  and  disso¬ 
ciative  processes  for  the  1-35-1  mass  combination,  with  the  reagent  in 
its  v  =  0  (top  panel),  v  =  1  (center  panel),  and  v  =  2  (bottom  panel). 

Lines  have  the  same  meaning  as  in  fig.  9. 

figure  13.  Argand  diagram  for  the  transition  A  +  BC  (v  =  0)  —  A2B 
(v  =  0)  +  C  for  the  10-1-10  mass  combination.  Energies  are  labeled 
every  10  meV  and  correspond  to  total  energies.  Points  are  marked 
with  an  X  every  5  meV.  Arrows  are  drawn  to  indicate  the  sense  of  the 
curve. 

figure  14.  Argand  diagram  for  the  transition  A'+  BA  (v  =  1)  —  A'  B 
(v  =  1)  +  A  for  the  10-1-10  mass  combination.  All  labeling  is  as  in 
fig.  13. 
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Quasi- classical  trajectory  calculations  have  been  carried  out  at 
energies  above  the  threshhold  for  collision-induced  dissociation 
for  a  model  collinear  atom-diatomic  molecule  system.  Exact 
quantum  mechanical  calculations  have  shown  that  quasi- classical 
trajectories  give  a  qualitatively  correct  picture  of  the  dynamics 
in  this  system.  Trajectories  leading  to  dissociation  are  found  to 
lie  almost  entirely  in  well  defined  reactivity  bands,  with  the  excep¬ 
tion  of  a  few  occurring  in  a  small  chattering  region  in  which  the 
outcome  of  the  trajectory  is  extremely  sensitive  to  its  initial  condi 
tions.  The  probability  of  dissociation  leading  to  all  possible  dis¬ 
tributions  of  the  kinetic  energy  of  die  resulting  atoms  is  obtained 
and  is  shown  to  vary  substantially  with  initial  conditions  (reagent 
vibrational  and  translational  energy).  The  form  of  these  proba¬ 
bility  distributions  is,  to  a  major  extent,  determined  by  the  posi¬ 
tion  and  width  of  the  reactivity  bands.  The  different  dissociation 
reactivity  bands  are  shown  to  be  composed  of  different  types  of 
trajectories.  Part  of  the  vibrational  enhancement  of  dissociation 
arises  from  the  fact  that  the  simplest  possible  trajectory  leading 
to  dissociation  (one  which  crosses  the  symmetric  stretch  line 
once  prior  to  the  onset  of  dissociation)  is  not  obtained  with 
ground  state  reagents. 
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I.  INTRODUCTION 

The  collision -induced  dissociation  (CIO)  of  diatomic  molecules 

A+BC  — »  A  +  B  +  C  ( 

is  a  process  of  great  fundamental  interest  in  chemistry,  particularly 
in  the  high  temperature  chemistry  associated  with  shock  waves,  both 
in  the  laboratory  (1)  and  in  interstellar  space  (2).  The  ab  initio 
calculation  of  CID  rates  has  proven  to  be  extremely  difficult,  as  one 
must  have  accurate  methods  for  calculating  the  potential  energy  sur¬ 
face  for  the  collision,  solving  for  the  dynamics,  and  then  integrating 
the  coupled  rate  equations  to  obtain  expressions  for  the  rate  of  disap¬ 
pearance  of  the  diatomic  molecule. 

The  development  of  accurate  methods  for  solving  for  the  dynamics 
has  been  especially  difficult.  Kinematic  and  quasi- classical  trajectory 
(QCT)  calculations  have  been  extensively  used  to  study  CID  (3).  The 
number  of  studies  incorporating  quantum  mechanical  effects,  either 
by  a  semi -classical  or  a  purely  quantum  mechanical  approach,  is  much 
smaller  (4).  Most  of  these  studies  have  been  restricted  to  collinear 
collisions  in  which  reactive  collisions  of  the  type 

A+BC  — }  AB  +  C 

are  not  permitted.  Non-collinear  collisions  in  non- reactive  systems 
have  been  studied  by  the  semi -classical  method  by  Rusinek  (5).  Ex¬ 
ceptions  to  this  are  three  purely  quantum  methods  in  which  reaction 
and  dissociation  may  compete  (these  are  all  restricted  to  collinear 
collisions  at  this  time):  the  wave  packet  approach  of  Kulander  (6), 
the  hyper  spherical  coordinate  coupled- channel  method  developed  in¬ 
dependently  by  Kaye  and  Kuppermann  (7)  and  by  Manz  and  Romelt  (8), 
and  the  multiple  collision  approach  of  Beard  and  Micha  (9)  (which  has 
been  applied  only  to  a  non- re  active  system). 

The  availability  of  accurate  quantum  mechanical  (QM)  results  for 
CID  has  increased  interest  in  QCT  studies.  In  particular,  Kaye  and 
Kuppermann  (7)  have  shown  that  for  the  model  system  they  studied, 
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the  QCT  results  were  qualitatively  similar  to  the  QM  ones.  Since  the 
model  system  involves  light  masses  (three  hydrogen  atoms)  and 
weakly  bound  (0.22  eV)  molecules,  quantum  effects  might  be  expected 
to  be  important.  This  suggests  that  QCT  calculations  might  be  useful 
predictors  of  the  gross  features  of  CID  in  reactive  systems.  One  must 
approach  this  with  some  caution,  however,  as  in  a  non-reactive  system. 
Gray,  et  al.  (10)  have  obtained  major  differences  in  the  dissociation 
probability  between  their  QCT  results  and  the  QM  results  of  Knapp 
and  Diestler  (11). 

In  order  to  help  gain  a  better  understanding  of  the  dynamics  of 
this  model  system,  we  have  carried  out  a  reactivity  band  analysis 
of  the  QCT  results  for  this  system.  Such  analyses  have  been  exten¬ 
sively  applied  to  reactive  systems  below  dissociation  (12,  13)  and  have 
also  been  applied  to  a  non-reactive  system  above  dissociation  (10a). 

We  examine  bandedness  in  the  plots  of  trajectory  outcome  (reaction, 
non-reaction,  dissociation)  as  a  function  of  initial  vibrational  phase  of 
the  diatomic  molecule  and  the  relate. e  kinetic  energy.  We  also  cor - 
aider  the  variation  of  the  vibrational  action  of  the  diatomic  product  of 
non- reactive  and  reactive  collisions  with  initial  vibrational  phase. 

In  dissociative  collisions  we  examine  how  the  partitioning  of  the 
energy  among  the  three  product  atoms  varies  with  initial  vibrational 
phase  and  reagent  translational  energy.  We  also  examine  individual 
trajectories  in  order  to  understand  the  nature  of  the  trajectories 
comprising  each  of  the  reactivity  bands. 


't 
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n.  METHOD  OF  CALCULATION 


r 


% 
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The  QCT  calculations  have  been  performed  using  standard  methods 
(14).  The  model  potential  enrgy  surface  used  has  been  described  pre¬ 
viously  (7);  we  repeat  here  its  basic  features.  It  is  of  the  rotating 
Morse-cubic  spline  type  (15),  and  has  asymptotic  Morse  oscillator 

parameters  ( 1 6)  of  D  =  0.22  eV,  R  =  1.40083  bohr,  and  0=1.6 
_t  e  eq 

bohr  .  There  is  a  barrier  to  exchange  of  0.  14  eV.  The  surface  is 

plotted  in  figure  one  of  reference  seven,  and  is  replotted  later  in 

figures  23-31,  in  which  we  show  selected  trajectories  .  The  trajector- 
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ies  are  integrated  with  a  time  step  of  5.41x10  sec.  Energy  is  con¬ 
served  to  four  digits  in  these  calculations.  Integration  of  trajectories 
began  with  the  distance  from  the  incident  atom  to  the  center  of  mass  of 
the  diatomic  molecule  at  12  bohr. 

To  determine  dissociation  probabilities  and  rough  boundaries  for 
reactivity  bands,  we  have  calculated  100  trajectories  per  energy  at 
regularly  spaced  (ir/50  radians)  values  of  the  initial  vibrational  phase. 
At  selected  energies,  we  have  narrowed  the  phase  grid  substantially 
near  the  boundaries  of  the  reactivity  bands.  Below  dissociation  we 
have  calculated  50  trajectories  per  energy  at  regularly  spaced  (tt/25 
radians)  values  of  the  initial  vibrational  phase  and  successively 
narrowed  the  grid  near  the  band  boundaries. 

We  have  also  determined  the  partitioning  of  kinetic  energy  among 
the  atoms  after  the  collision.  The  quantity  of  greatest  interest  is  the 
fraction  f^  (X  -  A,  B,  C)  of  the  available  kinetic  energy  E'  (the  differ¬ 
ence  between  the  total  energy  E  of  the  collision  and  the  dissociation 
energy  of  the  diatomic  molecule)  in  dissociative  collisions  in  each 
of  the  atoms  at  the  end  of  the  collision.  In  dissociative  collisions,  the 
collision  was  defined  to  be  over  when  both  intemuclear  distances 
R  _  and  R_  _  were  greater  than  6.0  bohr  and  were  increasing  with 
time.  Tne  sum  of  the  kinetic  and  potential  energies  of  the  AB  and  BC 
pairs  was  each  required  to  be  greater  than  D^.  We  have  extended 
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this  calculation  to  include  this  ratio  for  atom  A  in  non-reactive  colli- 

N  R 

sions  (f^  )  and  atom  C  in  reactive  collisions  (f^  ).  Plots  of  these 

quantities  vs.  initial  vibrational  phase  will  connect  smoothly  to  the 
D  D 

f  and  f  curves  across  the  boundary  of  the  reactivity  bands  . 

A  C 

From  the  fractional  energy  vs.  initial  vibrational  phase  data,  one  may 

c  d 

calculate  the  probability  of  the  kinetic  energy  of  atom  A  after 

dissociation  being  between  E^  and  E^  +  dE^  for  a  collision  in  which 
the  diatomic  molecule  is  in  state  v.  This  may  be  done  by  recognizing 
that  this  is  related  to  the  width  of  the  region  of  phase  d  in  which  E^ 
will  lie  between  E^  and  E^  +  dE^ 

C(T  d(E  J  =  (1/2tt)  |d$/dE.|  (3) 

v  A  A 

The  superscript  c  emphasizes  the  classical  nature  of  this  quantity. 

q  d 

The  (1/2t r)  factor  is  included  so  that  (F  (E.)  will  be  appropriately 

V  A 

normalized: 


max 


min 


<EA,dEA  *  1 


(4) 


-i  . ,  ,  -  ,  .  m  min  .  __  max  .  . 

The  limits  of  integration  in  eq.  4,  and  ,  have  been 

shown  previously  (17)  to  be  E1 /6  and  2E'/3,  respectively,  when  the 
masses  of  all  atoms  are  equal.  To  simplify  comparison  of  these  par¬ 
titioning  probabilities  from  one  energy  to  the  next,  we  will  plot  the 

c  d 

dimensionless  partitioning  probabilities  E'»  (T  (E^)  ’  w^ic^ 
indicated  by  a  bar  over  the  quantity,  vs.  f  for  aU  values  of  the  energy 
E',  in  which  case  the  abscissa  will  always  run  from  1/6  to  2/3. 

The  evaluation  of  the  derivative  in  eq.  3  is  complicated  by  the  possi¬ 
bility  of  minima  or  maxima  in  the  E^  vs.  curves;  hence  p(E^)  may 
be  a  multiply  valued  function  of  .  We  separate  those  regions  in 
which  d^/dE^  is  positive  and  negative  and  then  separately  obtain  the 
derivatives  by  a  three-point  finite  difference  procedure.  The  resulting 


& 
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derivatives  are  then  used  as  an  input  for  a  cubic  spline  procedure  wh 

which  allows  us  to  obtain  approximate  expressions  for  the  derivatives 

as  a  function  of  E.  .  We  next  sum  the  absolute  values  of  the  deriva- 
A 

tives  over  all  separated  parts  of  each  dissociative  reactivity  band  and 
over  all  such  dissociative  reactivity  bands,  and  divide  by  Zrr  for  norma 
lization.  The  resulting  curve  (called  a  partitioning  probability  curve) 
may  contain  some  numerical  noise  associated  with  the  numerical 
differentiation  procedures;  we  have  visually  smoothed  out  the  spline- 
induced  oscillations. 


IP.  RESULTS 


Reaction  and  dissociation  both  occur  in  the  energy  range  studied 
here  (up  to  0.25  eV  above  the  dissociation  energy  of  the  diatomic 
molecule).  Plots  of  the  reaction  and  dissociation  probability  obtained 
from  the  trajectory  calculations  are  shown  for  reagent  states  v  =  0  and 
v  =  1  (the  only  ones  possible)  in  figures  1  and  2,  respectively.  For 
both  reagent  states,  the  reaction  probability  is  zero  below  a  thresh- 
hold  energy,  increases  rapidly  with  energy  to  a  large  value  (0.86  for 
v  =  0,  0.96  for  v  =  1)  and  then  decreases  to  zero  (for  v  =  0)  or  a  value 
just  above  zero  (for  v  =  1).  It  then  increases  monotonically  with  ener¬ 
gy.  The  dissociation  probabilities  for  the  v  =  0  and  v  =  1  reagents  be¬ 
have  quite  differently  from  each  other,  however.  In  the  v  =  0  case,  no 
dissociation  is  observed  until  one  is  substantially  (0.08  eV)  above  its 
energetic  threshhold;  as  the  energy  increases  beyond  that,  die  proba¬ 
bility  increases  slowly,  reaching  a  value  of  0.27  eV  at  the  highest 
energy  studied.  For  the  v  =  1  case,  dissociation  sets  in  at  0.02  eV  a 
above  its  energetic  threshhold,  increases  rapidly  with  energy  to  a 
maximum  of  0.33  and  then  decreases  rapidly  to  0.02  before  again  in¬ 
creasing  with  energy  up  to  a  value  of  0.39  at  the  highest  energy  stu¬ 
died.  It  should  be  emphasized  that  all  of  these  results  are  qualitative¬ 
ly  similar  to  the  exact  quantum  mechanical  results  for  this  system 
presented  in  reference  7. 

We  next  examined  bandedness  in  plots  of  trajectory  outcome  vs. 
initial  vibrational  phase  and  relative  translational  energy.  Plots  of 
the  reactivity  bands  for  this  system  are  shown  in  figures  3  and  4 
for  reagent  states  v  =  0  and  1,  respectively,  for  energies  above  the 
threshhold  for  CID.  Unlike  reactivity  band  plots  normally  used  in 
studies  of  reactive  atom-diatomic  molecule  collisions  at  energies  be¬ 
low  dissociation,  in  which  there  are  only  two  possible  outcomes  of  a 
trajectory  (reaction  or  non-reaction),  there  are  three  possible  outcome 


here:  reaction  (R),  indicated  by  the  shaded  regions  of  the  figures; 
dissociation  (D),  indicated  by  the  speckled  regions,  and  non-reaction 
(N),  indicated  by  the  clear  regions.  The  dissociative  band  centered 
near  2.0  radians  and  0. 17  eV  translational  energy  in  figure  4  is  en¬ 
larged  in  figure  5. 

Fairly  well  defined  bands  are  seen  to  exist  above  dissociation. 

When  one  narrows  down  the  phase  grid  substantially  (to  on  the  order  of 
0.002  radians),  one  may  find  blurring  of  the  boundaries  and  formation 
of  a  "chattering "  region  (18),  in  which  the  outcome  of  the  trajectory 
varies  strongly  with  small  changes  in  the  initial  phase  .  This  is  most 
severe  below  0.10  eV  translational  energy  in  the  v  =  1  case,  where  the 
high  energy  reaction  and  dissociation  bands  come  to  a  "point"  (see 
figure  4).  For  example,  at  0.085  eV  reagent  translational  energy,  be¬ 
tween  2.50  and  2.70  radians  initial  phase,  there  are  four  separate 
dissociation  zones,  two  reaction  zones,  and  one  non-reaction  zone  ob¬ 
tained  when  the  grid  spacing  of  0.002  radians  is  used.  The  total  width 
of  all  the  dissociative  zones  in  this  region  is  0.52  radians.  The  disso¬ 
ciation  probability  produced  by  this  region  is  only  0.8%,  which  is  far 
smaller  than  the  contribution  at  this  energy  from  the  large  band  cen¬ 
tered  at  5.5  radians.  Chattering  is  also  seen  near  the  boundary  between 
reactive  and  non-reactive  bands  at  energies  below  dissociation. 

We  next  consider  the  variation  of  the  vibrational  energy  of  the  di¬ 
atomic  molecule  resulting  from  reactive  or  non- reactive  collisions. 
Normally,  to  examine  this  quantity  one  prepares  plots  of  the  action  of 
the  diatomic  moledule  at  the  end  of  the  trajectory  as  a  function  of  ini¬ 
tial  phase  at  a  sequence  of  energies  (10a,  12,  19,  20).  At  energies  above 
dissociation,  one  cannot  calculate  the  action  in  the  usual  way,  and  one 
is  left  with  gaps  in  the  action  vs.  phase  plots.  Examples  of  these  plots 
are  shown  in  figures  6  and  7  for  the  highest  energies  studied  (reagent 
translational  energies  of  0.388  eV  for  v  =  0  and  0.2815  eV  for  v  =  1). 
Solid  lines  are  used  to  indicate  non- reactive  zones  and  dashed  lines 


are  used  to  indicate  reactive  zones.  The  shaded  regions  mark  those 
regions  of  initial  phase  in  which  the  trajectories  are  dissociative  and 
hence  no  action  can  be  defined.  In  both  of  these  figures,  the  dissocia¬ 
tion  is  seen  to  occur  in  between  regions  of  high  final  action  in  reactive 
and  nan-reactive  collisions  (the  maximum  allowable  final  action  in  this 
system  is  1. 98  i).  This  is  quite  reasonable  behavior,  as  for  dissociation 
to  occur,  there  must  be  more  than  the  dissociation  energy  present  in 
each  diatomic  molecule,  hence,  the  boundary  between  reactive  or 
nan-reactive  regions  is  expected  to  occur  where  the  final  action  of 
the  diatomic  molecule  equals  it  maximum  value. 

A  different  sort  of  diagram  is  shown  in  figure  8,  in  which  we  plot 
the  final  action  vs.  initial  phase  in  a  collision  with  v  =  1  reagent  and  a 
reagent  translational  energy  of  0. 1615  eV.  Here  there  are  three  disso¬ 
ciative  regions.  Two  are  sandwiched  between  the  reactive  and  non- re¬ 
active  regions,  and  one  is  in  the  middle  of  the  large  nan- reactive  re¬ 
gion.  This  dissociative  region  is  part  of  the  small  dissociative  band 
located  near  2  radians  initial  phase  between  0. 15  and  0.20  eV  reagent 
translational  energy  in  figure  4  (and  enlarged  in  figure  5).  As  the  ini¬ 
tial  phase  is  varied  so  it  closely  approached  that  in  the  dissociative 
region,  the  final  action  increases,  suggesting  that  the  consideration 
of  dissociation  as  a  limiting  case  of  vibrational  excitation  is  an  appro¬ 
priate  concept. 

There  is  a  substantial  difference  between  the  product  state  distribu¬ 
tion  in  collisions  with  v  =  1  reagent  at  relative  energies  of  0.2815  eV 
(figure  7)  and  at  0.1615  eV  (figure  8).  At  the  higher  energy,  the  likeli¬ 
hood  of  vibrational  deexcitation,  as  measured  by  the  large  region  of 
initial  phase  over  which  the  final  action  is  substantially  smaller  than 
one,  is  much  greater  than  at  the  lower  energy.  At  the  lower  energy, 
from  -0.5  radians  to  the  second  dissociative  band  (at  4.  15  radians), 
the  final  action  never  becomes  smaller  than  0.8.  Thus,  increasing 


translational  energy  seems  to  lead  to  increasing  vibrational  non- 
adiabaticity  in  non-reactive  collisions.  The  small  likelihood  of  reac¬ 
tion  in  these  energy  regions  makes  it  difficult  to  draw  any  conclusions 
concerning  that  process.  A  similar  trend  has  been  observed  in  the 
exact  quantum  mechanical  calculations  on  this  system  (21). 

Farther  evidence  of  the  tendency  towards  vibrational  adiabaticity 
at  low  energies  can  be  seen  by  considering  a  collision  with  v  =  0 
molecules  at  an  energy  (0. 178  eV  relative  translational  energy)  at 
which  only  non-reactive  collisions  occur  -  no  dissociation  or  reaction 
was  found.  A  plot  of  the  final  action  as  a  function  of  initial  phase  for 
this  collision  is  given  in  figure  9.  The  near  adiabaticity  may  be  seen 
by  noting  that  the  total  range  of  final  actions  in  the  figure  is  from  -0.12 
to  0. 19,  corresponding  to  vibrational  energies  of  0.0639  eV  and  0. 1079 
eV,  respectively  (the  zero  point  energy  is  0.0818  eV).  Hence,  at  most 
15%  of  the  initial  translational  energy  was  converted  to  vibrational 
energy  in  the  collision.  Another  interesting  feature  of  this  figure  is  the 
relatively  complicated  structure.  In  spite  of  the  fact  that  all  collisions 
are  non-reactive  and  nearly  adiabatic,  there  is  still  some  systematic 
variation  in  the  dependence  of  the  final  action  on  the  initial  phase. 

To  give  some  feeling  for  what  happens  when  the  boundary  regions 
between  the  reactivity  bands  become  blurred,  we  present  in  figure  10 
a  plot  of  final  action  vs.  initial  phase  for  the  collision  with  v  =  1  mole¬ 
cule  at  a  relative  translational  energy  of  0.085  eV  for  initial  phases 
from  2.40  to  3.10  radians.  In  this  region  one  sees  five  separate  dis¬ 
sociative  regions,  four  of  which  are  found  between  2.50  and  2.70  radi¬ 
ans.  These  may  be  thought  of  as  being  distinct  from  the  larger  disso¬ 
ciative  band  between  2.  90  and  3.  10  radians.  The  latter  band  is  part  of 
the  large  dissociative  band  seen  in  the  lower  right  hand  portion  of  figure 
4.  The  action  vs.  phase  curves  are  fairly  smooth  in  between  the  disso¬ 
ciative  regions.  Away  from  the  lower  tip  of  the  large  dissociation  and 


reaction  band  in  figure  4,  the  boundaries  are  smoother.  This  figure 
seems  to  represent,  then,  an  upper  limit  to  the  complication  of  such  a 
diagram. 

We  next  consider  the  partitioning  of  kinetic  energy  among  the  three 
atoms  in  dissociative  collisions  and  also  the  amount  of  kinetic  energy 
of  motion  of  the  free  atom  in  reactive  and  non- reactive  collisions.  The 
calculation  of  these  quantities  has  been  described  earlier.  Plots  of 
these  quantities  as  a  function  of  the  initial  phase  are  shown  for  initial 
phases  in  or  near  which  dissociation  occurs  for  a  variety  of  initial  con¬ 
ditions  in  figures  11-16.  A  few  important  features  are  observed  in 
these  figures,  and  we  review  these  here. 

First,  the  curves  are  quite  smooth  in  the  dissociation  region.  At 

the  border  between  reactive  and  dissociative  collisions,  f  smoothly 

R  ^ 

matches  onto  the  f  curve,  and  at  the  border  between  non-reactive 

C  N 

and  dissociative  collisions,  f .  smoothly  matches  onto  the  curve. 

In  all  cases,  the  matching  occurs  at  a  value  of  the  energy  fraction 

of  2/3;  this  has  been  shown  to  be  the  maximum  value  f .  or  f  can  take  in 

A  L 

the  dissociative  region  for  a  system  of  three  equal  masses.  The 
small  values  of  f  are  also  a  requirement  of  the  mass  combination 
(for  the  case  of  three  equal  masses,  f  is  required  to  be  smaller  than 
1/6). 

Second,  two  types  of  partitioning  curves  are  seen.  For  those  dis¬ 
sociative  bands  sandwiched  between  one  reactive  and  one  non- reactive 
band,  f  and  f  must  both  have  regions  where  they  are  large  (~2/3) 
and  small  (~l/6).  For  those  bands  sandwiched  between  two  non-reac¬ 
tive  bands,  the  f  vs.  phase  curve  must  have  a  minimum.  The  pre¬ 
sence  of  such  a  minimum  will  have  a  major  effect  on  the  partitioning 
probabilities  to  be  presented  below.  In  theory,  one  might  obtain  disso¬ 
ciative  bands  sandwiched  between  two  reactive  ones,  but  such  bands 
have  not  been  observed  . 
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Finally,  we  present  results  for  the  partitioning  probability 
c _ d 

■gw  defined  earlier.  These  are  shown  in  figures  17  -  22  for  the  six 
sets  of  initial  conditions  for  which  energy  fractions  were  shown  as  a 
function  of  initial  phase.  They  all  appear  quite  different  from  each 
other,  and  we  can  rationalize  much  of  their  form  simply  from  the  re¬ 
action  and  dissociation  probabilities,  the  kinematics  of  the  system, 
and  the  existence  of  well  defined  dissociation  bands  in  the  reactivity 
band  plots  (figures  3-5).  We  will  extensively  examine  this  issue  in  the 
discussion  section. 

There  are  a  few  features  of  figures  17  -  22  which  will  prove  to  be 
of  most  interest.  First  is  the  tendency  of  the  partitioning  probabilities 
to  have  their  maxima  near  the  maximum  allowable  fraction  of  2/3,  al¬ 
though  this  is  not  uniformly  true  (see  particularly  figure  21,  in  which 
the  partitioning  probability  diverges  at  a  fraction  of  0.25).  Second, 
in  four  out  of  the  six  cases  studied,  the  partitioning  probability  has 
divergences  (figures  18  and  21)  or  sharp  peaks  (figures  19  and  20). 
Third,  curves  of  the  partitioning  probability  need  not  be  smooth.  If 
there  is  more  than  one  dissociation  band  at  a  given  energy,  each  of 
which  has  a  very  different  slope  or  range  of  slopes  in  its  correspon¬ 
ding  fractional  energy  vs.  phase  curve,  by  summing  the  contributions 
from  each  band  one  may  be  adding  one  curve  which  is  non-zero  in  the 
range  f  f  ^f  and  another  which  is  non-zero  in  the  range  f  1  ^  f  ^ f  * . 
Such  a  condition  would  result  in  a  partitioning  probability  curve  which 
is  discontinuous  at  f^1  and  f  1 .  Normally,  this  will  not  be  seen,  as 
f  =  f  '  =  1/6  and  f  =  f  '  =  2/3.  If  this  is  not  true  for  a  given  band, 
discontinuities  will  be  observed.  This  may  be  seen  in  figure  21,  in 
which  the  hump  in  the  region  0.42  <»f  ^0.49  is  due  to  the  existence  of 
a  narrow  dissociative  band  between  1.9930  and  2.0055  radians  (not 
shown)  in  which  the  fractional  energy  varies  from  0.497  to  0.415. 

Two  additional  narrow  dissociative  bands  located  from  1.87  10  to 
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1.8758  radians  and  1.9232  to  1.92825  radians  make  essentially  no  con¬ 
tribution  to  the  partitioning  probability  because  their  narrowness  means 
that  the  magnitude  of  the  derivative  [d  £ /dE  |  will  be  small  (unless,  of 

A 

course,  E^  is  essentially  constant  over  the  band,  as  is  true  in  the  ad¬ 
ditional  band  mentioned  earlier). 
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IV.  DISCUSSION 


In  this  section  we  will  consider  first  the  implication  of  the  banded¬ 
ness  of  dissociative  trajectories  as  seen  in  the  reactivity  band  plots. 

In  particular,  we  will  focus  on  how  this  bandedness,  when  coupled  with 
the  calculated  reaction  probabilities  and  the  pure  kinematics  of  the 
collision,  can  be  seen  to  lead  to  the  general  structure  of  the  partitioning 
probability  curves,  such  as  those  shown  in  figures  16  -  21.  We  will 
then  consider  the  origins  of  the  bandedness  of  the  dissociative  trajec¬ 
tories,  and  show  that  a  strong  relationship  can  br.  established  between 
the  separate  bands  and  different  types  of  trajectories  leading  to  disso¬ 
ciation  . 

A.  IMPLICATIONS  OF  THE  DISSOCIATIVE  REACTIVITY  BANDS 
Trajectories  which  lead  to  dissociation  have  been  found  to  occur, 
as  a  general  rule,  in  well  defined  bands  in  the  reactivity  band  plots 
(figures  3  -  5).  Exceptions  to  this  trend  are  found  for  collisions  of  a 
v  =  1  molecule  in  which  the  reagent  translational  energy  is  in  the  range 
from  0.07  to  0.  10  eV.  In  this  region,  the  trajectory  outcome  may 
vary  substantially  with  small  changes  in  the  initial  phase  of  the  diatomic 
molecule.  This  is  somewhat  reminiscent  of  the  observation  of  chatter¬ 
ing  regions  in  the  final  action  vs.  initial  phase  plots  seen  in  reactive 
atom-diatomic  collisions  (at  energies  well  below  dissociation),  parti¬ 
cularly  the  F  +  (18,  20)  and  Cl  +  HC1(22)  reactions.  Unlike  in  those 

cases,  where  the  outcome  of  the  trajectory  appears  to  be  random,  by 
the  use  of  a  sufficiently  small  grid  spacing  (0.002  radians),  seemingly 
smooth  (but  quite  short)  curves  of  final  action  vs.  initial  phase  can  be 
obtained.  We  have  found  that  only  a  few  discrete  regions  of  initial 
phase  lead  to  dissociative  trajectories.  In  all  cases,  the  dissociation 
probability  associated  with  these  regions  is  quite  small  (no  more  than 
1  %  of  all  collisions)  and  can  thus  be  neglected  to  that  accuracy  in  the 
calculations  of  dissociation  probabilities. 


In  most  cases,  dissociative  trajectories  can  be  thought  of  as  limi¬ 
ting  cases  of  reactive  or  non-reactive  collisions  giving  rise  to  vibra¬ 
tional  excitation  of  products.  This  is  seen  in  two  interrelated  ways. 

For  values  of  the  initial  phase  only  slightly  different  from  those  of  the 
trajectories  which  lead  to  dissociation,  the  diatomic  molecules  remain¬ 
ing  at  the  end  of  the  collision  will  be  highly  vibrationally  excited.  If 
one  considers  the  fractional  energy,  such  as  that  plotted  in  figure  i  0- 
15,  one  sees  that  the  curve  for  atom  A  smoothly  matches  onto  the  or 
atom  A  in  non-reactive  collisions  and  that  for  atom  C  smoothly  m  'ti¬ 
es  onto  that  for  atom  C  in  reactive  collisions.  This  is  not  necesc 
true  for  dissociative  collisions  in  the  chattering  region;  as  mentioned 
earlier,  such  regions  may  give  rise  to  discontinuities  in  the  partition¬ 
ing  probability  curves. 

The  nature  of  the  dissociative  band  (defined  by  the  type  of  bands  be¬ 
tween  which  it  is  sandwiched  at  a  given  energy)  will  play  a  major  role 
in  determining  the  appearance  of  the  partitioning  probability  curves. 

If  the  band  is  sandwiched  between  one  reactive  and  one  non-reactive 
band,  the  partitioning  probability  curve  should  cover  essentially  all  the 
accessible  region  of  energy  fractions  (1/6  to  2/3  in  this  case).  If,  on 
the  other  hand,  the  band  is  sandwiched  between  two  non-reactive  bands, 
the  partitioning  probability  curves  will  cover  only  a  subset  of  the  al¬ 
lowable  energy  fractions  and  must  have  at  least  one  place  where  they 
diverge.  There  will  be  no  possibility  of  obtaining  energy  fractions 
lower  than  that  at  the  lowest  divergence.  Thus,  in  such  cases  the 
partitioning  probability  curves  for  that  dissociation  band  have  the  unu¬ 
sual  property  that  they  are  zero  below  the  diverging  value,  at  which 
they  jump  discontinuously  to  infinity.  At  higher  energy  fractions,  the 
curve  is  continuous.  Such  curves  are  observed  in  figures  18  and  21. 
These  figures  demonstrate  that  the  value  of  the  energy  fraction  at  which 
the  partitioning  probability  diverges  can  be  quite  close  to  its  maximum 
or  minimum  permitted  value.  Precisely  at  what  values  of  the  energy 
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fraction  the  partitioning  probability  diverges  will  depend  on  the  shape 
of  the  dissociation  and  reaction  reactivity  bands  at  the  energy  being 
considered.  If,  for  instance,  one  is  at  an  energy  fairly  near  the 
opening  of  the  reaction  band,  the  minimum  lathe  energy  fraction  vs. 
phase  plot  will  occur  at  a  value  of  the  energy  fraction  close  to  l/6. 

This  is  the  case  in  figure  21  (the  important  reaction  and  dissociation 
reactivity  bands  may  be  seen  in  figure  4).  If  the  energy  is  such  that 
one  is  not  close  to  the  opening  of  the  reaction  band,  the  minimum  will 
occur  atvalues  of  the  energy  fraction  close  to  2/3. 

Certain  types  of  curves  of  energy  fraction  vs.  phase  in  dissociative 
collisions  which  might  occur  have  not  been  obtained.  For  instance,  in 
no  cases  were  curves  with  more  than  one  minimum  or  maximum  ob¬ 
served.  Hence,  the  partitioning  probability  diverges  at  one  and  only 
one  point  if  it  diverges  at  all.  As  mentioned  earlier,  no  dissociative 
bands  sandwiched  between  two  reactive  bands  were  observed.  Such 
bands  would  lead  to  partitioning  probability  plots  opposite  to  those 
in  figures  18  and  21  -  there  would  be  no  possibility  of  energy  fractions 
above  that  at  which  the  partitioning  probability  diverges  of  being  popu¬ 
lated.  There  seems  to  be  no  reason  why  such  bands  should  not  exist, 
so  we  assume  that  their  absence  is  a  function  of  the  particular  poten¬ 
tial  and  mass  combination  studied. 

The  fact  that  reactive  processes  are  less  probable  than  non-reac¬ 
tive  ones  at  the  energies  studied  suggests  that  in  dissociative  collisions 
one  may  be  more  likely  to  find  kinetic  energy  distributions  in  which 
atom  A  has  the  greatest  portion  of  the  available  energy.  This  would 
give  rise  to  the  partitioning  probability  being  dominated  by  high  energy 
fractions.  The  range  of  energy  fractions  allowable  is  determined  sim¬ 
ply  by  the  masses  of  the  colliding  particles,  which  explains  why  only 
certain  numerical  regions  of  the  energy  fraction  are  allowed  (17). 
Changing  the  masses  would,  therefore,  change  the  partitioning  proba¬ 
bilities  for  two  reasons.  First,  the  dynamics  of  the  system  would 


change,  and  second,  the  ways  in  which  kinetic  energy  could  be  distri¬ 
buted  in  dissociative  collisions  would  be  altered. 

The  structure  of  the  reactivity  band  plots  differs  very  strongly  for 
v  =  0  and  v  =  i  molecule  collisions,  and  this  fact,  coupled  with  the 
definite  manner  in  which  the  position  and  width  of  the  reactivity  bands 
have  been  shown  to  determine  the  partitioning  probabilities,  suggests 
that  one  might  obtain  substantially  different  kinetic  energy  distributions 
from  dissociation  from  the  two  reagent  states  at'the  same  total  energy. 
The  same  statement  applies  to  translational  energy.  The  simplest  way 
of  obtaining  such  a  case  would  be  to  locate  an  energy  at  which  the  dis¬ 
sociation  from  v  =  0  occurs  totally  from  a  band  which  is  sandwiched  be¬ 
tween  two  non-reactive  bands,  while  that  from  v  =  i  occurs  from  one  or 
more  bands  sandwiched  between  one  reactive  and  one  non-reactive 


band.  Thus,  not  only  may  the  outcome  of  the  collision  (reaction,  non¬ 
reaction,  or  dissociation)  depend  on  the  initial  state,  but  the  intimate 
details  of  dissociation  may  also  be  a  function  of  the  initial  state. 

B.  ORIGIN  OF  THE  DISSOCIATIVE  REACTIVITY  BANDS 

Formation  of  reactivity  bands  in  atom-diatomic  molecule  collisions 
has  been  observed  in  a  variety  of  systems  at  energies  below  dissocia¬ 
tion  (12,  13);  banding  has  also  been  observed  in  a  non-reactive  system 
studied  at  energies  above  dissociation  (10a).  The  present  study  marks, 
to  our  knowledge,  the  first  reactivity  band  study  of  dissociation  in  a 
reactive  system.  In  studying  the  origin  of  reactivity  bands,  we  are 
interested  in  getting  a  good  physical  picture  as  to  what  sort  of  trajec¬ 
tories  comprise  each  band.  In  particular,  we  focus  on  two  questions. 
First,  we  want  to  know  whether  each  separate  band  corresponds  to 
different  types  of  trajectories.  Second,  we  want  to  know  what  happens 
near  the  boundaries  between  bands,  especially  in  the  chattering  regions, 
such  as  that  shown  in  figure  10,  in  which  the  outcome  of  the  trajectory 
is  extremely  sensitive  to  the  initial  conditions  of  the  trajectory. 


Wright  and  Tan  (12c)  have  shown  in  their  study  of  the  collinear 
T  +  HT  system  on  the  SSMK  sur.  (23)  that  the  two  lowest  energy 
reaction  reactivity  bands  are  comprised  of  different  types  of  trajec¬ 
tories.  In  the  lower  energy  band,  reactive  trajectories  cross  the  sym¬ 
metric  stretch  line  only  once,  while  in  the  higher  energy  band,  they 
cross  the  symmetric  stretch  line  three  times.  Representative  trajec¬ 
tories  are  shown  in  figure  8  of  reference  12c.  A  similar  correspon¬ 
dence  can  be  drawn  between  the  two  reaction  reactivity  bands  in  figure 
4  for  collisions  of  v  =  1  molecule.  For  collisions  of  v  =  0  molecule  in 
figure  3  we  show  only  the  high  energy  reaction  reactivity  band;  there  is 
another  band  at  lower  energies  responsible  for  the  large  values  of 
at  low  energy  seen  in  figure  1.  Trajectories  comprising  the  lower 
reaction  reactivity  band  in  the  v  =  1  case  cross  the  symmetric  3tretch 
line  once  (figure  23)  while  those  in  the  higher  band  cross  the  symmetric 
stretch  line  three  times  (figure  24).  Reactive  trajectories  must  cross 
the  symmetric  stretch  line  an  odd  number  of  times;  thus,  these  are  the 
simplest  sort  of  reactive  trajectories  possible.  The  importance  of 
reactive  trajectories  which  cross  the  symmetric  stretch  line  more 
than  once  indicate  that  a  purely  classical  transition  state  theory 
would  seriously  overestimate  the  rate  constant  for  reaction  at  high 
temperatures  when  these  high  energy  trajectories  become  important 
(24).  The  same  behavior  is  seen  in  collisions  of  ground  state  mole¬ 
cules;  we  do  not  show  them  here. 

We  next  consider  the  nature  of  trajectories  leading  to  dissociation. 

We  will  focus  our  attention  first  on  the  single  dissociation  band  for 
collisions  of  ground  state  molecule  and  the  two  large  bands  for  collisions 
of  v  =  1  molecules.  We  will  consider  the  small  band  for  v  =  1  isolated 
in  the  large  non- reactive  band  and  the  overall  chattering  region  later. 
Typical  dissociative  trajectories  are  shown  in  figures  25  -  27  for 
the  large  band  in  v  =0  collisions,  the  first  band  in  v  =  1  collision,  and 


the  second  band  in  v  =  1  collisions,  respectively.  In  figures  25  and 
27,  the  trajectory  crosses  the  symmetric  stretch  line  three  times;  in 
figure  26  the  symmetric  stretch  lines  is  crossed  only  once.  This  sug¬ 
gests  that  the  separate  dissociation  bands  are  each  comprised  of  trajec¬ 
tories  crossing  the  symmetric  stretch  line  a  different  number  of  times, 
just  as  was  seen  for  reactive  transitions.  Things  are  not  quite  so  sim¬ 
ple  in  the  dissociation  case,  however,  as  the  trajectory  need  not  cross 
tiie  symmetric  stretch  line  an  odd  number  of  times.  In  fact,  trajectorie 
which  cross  it  twice  have  been  observed  in  both  v  =  1  reactivity  bands. 
The  last  crossing  of  the  symmetric  stretch  line  may  occur  (as  does 
that  in  the  trajectory  shown  in  figure  26)  at  large  values  of  the  inter- 
nuclear  coordinates.  Whether  or  not  such  a  crossing  takes  place  will  de¬ 
pend  on  the  partitioning  of  energy  in  the  three  atoms.  The  final  cros¬ 
sing,  then,  may  be  thought  to  occur  while  the  atoms  are  in  the  process 
of  dissociating,  even  if  the  crossing  occurs  at  fairly  small  values  of  the 
intemuclear  coordinates.  Thus,  the  first  dissociation  reactivity  band 
in  the  reactivity  band  plot  (in  figure  4)  may  be  thought  of  as  being  com¬ 
prised  of  trajectories  which  cross  the  symmetric  stretch  line  once 
prior  to  the  process  of  actually  dissociating  (during  which  they  may 
again  cross  that  line).  In  the  second  dissociation  band  for  v  =  1  and 
the  only  such  band  for  v  =  0,  two  crossings  take  place  prior  to  the  onset 
of  dissociation,  after  which  a  third  crossing  may  occur. 

These  observations  allow  one  to  make  a  simply  physical  picture  to 
account  for  the  observed  vibrational  enhancement  of  CID  in  this  system: 
The  simplest  trajectory  which  may  lead  to  dissociation  does  not  occur 
when  the  molecule  is  in  its  ground  state.  It  occurs  only  when  the  mole¬ 
cule  is  in  its  excited  state.  Since  more  complicated  trajectories  appear 
to  contribute  only  at  higher  energies,  low  energy  dissociation  is  pre¬ 
vented  in  the  ground  state  case.  The  qualitative  agreement  between  the 
quasi-classical  trajectory  calculations  and  the  exact  quantum  ones  re¬ 
ported  previously  (7)  indicates  that  this  simple  classical  picture  may 


be  a  reasonable  one  to  use  in  attempting  to  understand  the  calculated 
vibrational  enhancement  of  C1D  in  this  system. 

We  next  wish  to  consider  the  small  dissociation  band  seen  in  figure 
4  (and  enlarged  in  figure  5)  near  2  radians  and  0. 18  eV  reagent  transla¬ 
tional  energy.  A  typical  trajectory  in  this  band  is  shown  in  figure  28. 
This  trajectory  is  quite  different  from  the  dissociative  ones  seen  in 
figures  25  and  27.  This  should  not  be  surprising,  however,  as  this 
small  dissociation  band  is  imbedded  in  a  large  non- reactive  band  and 
the  other  dissociation  bands  tend  to  be  sandwiched  between  reactive  and 
non-reactive  bands.  Examination  of  non-reactive  trajectories  near  the 
boundaries  between  the  non- reaction  and  dissociation  reactivity  bands 
indicates  that  differences  between  the  trajectories  within  them  are 
quite  small  and  become  important  only  at  large  values  of  the  inter- 
nuclear  coordinates.  This  is  a  case,  then,  in  which  the  final  outcome 
of  the  trajectory  is  not  determined  until  well  after  the  collision  might 
be  thought  to  be  finished  (R._  large  and  increasing,  R  fairly  small). 

We  finally  consider  the  chattering  region  indicated  in  figure  9.  In 
the  region  of  initial  phase  from  2.  5  to  2.7  radians,  the  outcome  of  the 
trajectory  varies  greatly  with  small  changes  in  the  initial  phase. 

Guch  regions  ha  ve  been  observed  in  studies  of  reactions  below  dissocia¬ 
tion,  particularly  the  H  +  H  (13)  and  F  +  H  (18,  20)  reactions.  In 
these  regions,  the  trajectories  become  very  complicated,  frequently 
bouncing  back  and  forth  many  times  in  the  strong  interaction  region  of 
the  potential  energy  surface.  Atom  B  is  said  to  "chatter"  between 
atoms  A  and  C,  hence  the  name  chattering  region. 

In  this  case,  the  trajectories  in  the  chattering  region  are  not  overly 
complicated.  Three  such  trajectories  are  shown  in  figures  29  -  31 
corresponding  to  initial  conditions  shown  in  figure  9.  The  initial  phase 
differs  by  0.01  radians  (0.57°)  between  each  trajectory.  The  dominant 
feature  of  the  trajectories  is  clear  :  trajectories  in  this  region  involve 


motion  more  or  less  along  the  symmetric  stretch  line.  The  extreme 
sensitivity  of  the  trajectory  outcome  to  the  initial  phase  can,  therefore, 
be  easily  understood.  Since,  in  moving  along  the  symmetric  stretch 
line,  the  trajectory  has,  to  a  first  approximation,  forgotten  from  where 
it  was  begun,  it  is  reasonable  that  a  small  perturbation  to  the  trajectory 
could  seriously  alter  its  course. 

At  energies  below  dissociation  motion  exactly  along  the  symmetric 
stretch  line  would  constitute  that  of  a  trapped  trajectory  -  one  which 
could  oscillate  back  and  forth  forever#,  never  leaving  the  interaction 
region  of  the  potential  energy  surface  (25).  In  the  language  of  Poliak 
and  Pechukas,  such  motion  constitutes  a  trapped  trajectory  of  the 
first  kind  (26).  These  trajectories  are  frequently  found  at  the  boundary 
between  reactive  and  non- reactive  bands  in  atom-diatomic  molecule 
systems  at  energies  below  dissociation  (12,  13,  20,  22).  At  energies 
above  dissociation,  trapped  trajectories  of  the  first  kind  (in  which  the 
trajectory  oscillates  back  and  forth  forever  between  two  different 
contours  at  the  total  energy)  do  not  exist.  A  trajectory  can  change  its 
character  continuously  from  reactive  to  non- reactive  or  vice  versa  by 
going  through  an  intermediate  stage  of  dissociative  trajectories.  Thus, 
the  requirement  shown  by  Pechukas  and  Poliak  that  trapped  trajectories 
must  occur  at  the  boundary  between  reactive  and  non- reactive  bands  at 
energies  below  dissociation  seems  not  to  apply  at  energies  above  dis¬ 
sociation  (25).  Nothing  in  these  statements  here,  however,  precludes 
the  possibility  of  formation  of  trapped  trajectories  of  the  second  or 
third  kinds  (26).  No  such  trapped  trajectories  (or  nearly  trapped  ones) 
were  observed,  although  we  have  not  carried  out  a  systematic  search 
for  them. 


V.  CONCLUSIONS 


We  have  performed  a  reactivity  band  analysis  of  CID  in  a  model 
collinear  reactive  atom-diatomic  molecule  system.  Quasi- classical 
trajectories  are  believed  to  provide  a  reasonable  view  of  the  dynamics 
in  this  system  because  of  the  qualitative  similarity  in  the  reaction  and 
dissociation  probabilities  calculated  by  trajectories  and  by  exact 
quantum  mechanical  calculations  (7). 

CID  is  shown  to  occur  almost  entirely  in  well  defined  bands,  the 
exception  being  a  small  contribution  from  dissociative  trajectories  in 
a  chattering  region  in  which  the  outcome  of  the  trajectory  is  extremely 
sensitive  to  the  initial  phase  of  the  reagent  molecule.  Dissociation  may 
be  thought  of  as  a  limiting  case  of  vibrational  excitation,  as  non-disso- 
ciative  (reactive  or  non-reactive)  trajectories  with  initial  conditions 
only  slightly  different  from  those  leading  to  dissociation  lead  to  a  dia¬ 
tomic  molecule  product  which  is  highly  vibrationally  excited.  In  most 
cases,  dissociation  reactivity  bands  are  found  sandwiched  between 
one  reactive  and  one  non-reactive  band;  in  the  rest,  they  may  be 
sandwiched  between  two  non-reactive  bands.  In  no  instances  were 
dissociative  bands  sandwiched  between  two  reactive  bands. 

We  have  calculated  the  partitioning  of  kinetic  energy  among  the 
three  atomic  products  of  dissociative  collisions  and  showed  that  these 
quantities  vary  smoothly  throughout  the  dissociation  band.  Kinematic 
considerations  require  that  most  of  the  available  kinetic  energy  go  into 
the  end  atoms  (A  or  C).  The  fraction  of  the  available  kinetic  energy  in 
the  end  atoms,  as  a  general  rulse,  matches  smoothly  onto  that  of  the 
free  atom  in  non-dissociative  collisions  (atom  A  in  non- reactive  col¬ 
lisions,  atom  C  in  reactive  ones). 

From  the  curves  of  energy  fraction  vs.  initial  phase  we  have  been 
able  to  determine  the  partitioning  probability,  that  is,  the  likelihood  of 
the  dissociation  process  to  distribute  the  available  energy  in  a  given 


way.  We  have  presented  plots  of  the  partitioning  probabilities  for  six 
different  sets  of  initial  conditions  (reagent  vibrational  state  and  transla¬ 
tional  energy),  and  found  a  wide  range  of  appearance  of  the  probability 
vs.  energy  fraction  curves.  We  have  shown  that  the  general  from  of 
the  partitioning  probability  curves  can  be  inferred  solely  by  examina¬ 
tion  of  the  reactivity  band  plots. 

The  different  dissociation  reactivity  bands  found  for  the  reaction  of 
vibrationally  excited  (v  =  i  )  molecules  have  been  shown  to  be  comprised 
of  different  sorts  of  trajectories.  The  band  which  dominates  at  low 
energies  (and  shuts  off  at  reagent  translational  energies  above  0.  12  eV) 
is  seen  to  arise  from  trajectories  which  cross  the  symmetric  stretch 
line  only  once  prior  to  the  onset  of  actual  dissociation,  while  the 
higher  energy  band  arises  from  trajectories  which  cross  the  symmetric 
stretch  line  twice  prior  to  dissociation.  During  dissociation,  the 
trajectories  may  or  may  not  recross  the  symmetric  stretch  line  an 
additional  time.  The  single  dissociation  band  observed  in  collisions  of 
ground  state  molecules  is  seen  to  be  made  up  of  trajectories  which 
cross  the  symmetric  stretch  line  twice  prior  to  dissociation.  Hence, 
the  vibrational  enhancement  of  CID  can  be  thought  of  as  being  due  to  the 
inability  of  ground  state  molecules  to  dissociate  by  the  simplest  possible 
trajectory;  in  that  case  dissociation  is  only  possible  by  a  more  complex 
procedure,  which  only  becomes  important  at  higher  energies. 

The  chattering  region  is  seen  to  arise  from  trajectories  which  at 
some  point  follow  the  symmetric  stretch  line  very  closely.  Since  the 
available  energy  is  greater  than  the  dissociation  energy,  motion  along 
the  symmetric  stretch  line  does  not  constitute  a  trapped  trajectory. 

The  existence  of  a  dissociation  channel  allows  for  a  smooth  transition 
from  reactive  to  non-reactive  trajectories  via  an  intermediate  region  of 
dissociative  trajectories. 

Our  analysis  here  has  been  restricted  to  a  single  model  potential 
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energy  surface  for  a  collinear  collision.  In  reactive  systems,  changes 
in  the  masses  of  the  atoms  have  been  shown  to  produce  major  changes 
in  the  structure  of  the  reactivity  bands  (12b).  Exact  quantum  mechani¬ 
cal  calculations  on  "isotopically'  substituted  versions  of  the  model 
system  studied  here  (mass  combinations  10-1-10  and  1-35-1)  indicate 
that  the  effect  of  mass  on  dissociation  is  strong  (22).  Large  changes 
in  the  reactivity  band  structure  can  be  expected.  Thus,  one  must  use 
caution  is  attempting  to  generalize  on  the  basis  of  the  reactivity  bands 
for  one  system. 

Removal  of  the  restriction  to  collinearity  might  be  expected  to  lead 
to  substantial  changes  in  the  reactivity  bands  (the  model  potential  used 
here  is  defined  solely  for  collinear  configurations;  we  are  addressing 
the  general  role  of  non-collinear  collisions).  In  studies  of  the  two  and 
three  dimensional  T  +  HT  reaction,  Wright  (12e)  has  shown  a  disappear¬ 
ance  of  the  bandedness  observed  in  the  collinear  reaction,  which  is  due 
to  the  diminished  importance  of  multiple  collisions  (which  involve  mul¬ 
tiple  crossing  of  the  symmetric  stretch  line)  in  non-collinear  collisions. 
Thus,  in  a  more  realistic  (three-dimensional)  system,  the  rich  banded 
structure  obtained  here  might  be  expected  to  be  substantially  blurred. 
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FIGURE  CAPTIONS 


Figure  1.  Probabilities  for  reaction  P  (solid  line)  and  dissociation 

D  0 

PQ  (dashed  line)  in  collisions  of  ground  vibrational  state  molecules 

as  determined  by  quasi-classical  trajectory  calculations  as  a  function 
of  the  collision  energy.  The  reagent  translational  energy  EQ  is  indicated 
on  the  lower  abscissa;  the  total  energy  E  (sum  of  vibrational  and  transla¬ 
tional  energy)  is  indicated  on  the  upper  abscissa.  The  arrow  points  to 
the  energy  at  which  the  molecule  dissociates. 

Figure  2.  Probabilities  for  reaction  P  (solid  line)  and  dissociation 

D  1 

(dashed  line)  in  collisions  of  vibrationally  excited  molecules  as  a 

function  of  the  collision  energy.  The  axes  and  markings  are  otherwise  as 

in  figure  1. 

Figure  3.  Reactivity  band  plot  for  reaction  and  dissociation  in  collisions 
of  ground  state  molecule.  Reactive  (R)  bands  are  indicated  by  shading; 
dissociative  (D)  bands  are  indicated  by  speckling.  The  solid  white  region 
is  non- reactive  (N).  Both  the  translational  energy  E^  (left  ordinate)  and 
the  total  energy  E  (right  ordinate)  are  indicated. 

Figure  4.  Reactivity  band  plot  for  reaction  and  dissociation  in  collisions 
of  vibrationally  excited  molecule.  Band  type  is  indicated  as  in  figure  3. 
Axis  labeling  is  also  as  in  figure  3.  No  effort  is  made  to  accurately 
portray  the  band  structure  in  the  "chattering"  region. 

Figure  5.  Enlarged  view  of  the  small  dissociative  band  (from  figure  4) 
in  collisions  of  vibrationally  excited  molecule.  All  markings  and  axes 
are  as  in  figure  3. 

Figure  6.  Final  action  v^  as  a  function  of  the  initial  phase  ^  for  a  col¬ 
lision  involving  a  ground  state  diatomic  molecule  at  a  reagent  translational 
energy  Eq  of  0.388  eV.  A  solid  line  is  used  to  connect  results  of  non¬ 
reactive  trajectories;  a  dashed  line  is  used  to  connect  results  of  reactive 


trajectories.  The  shaded  areas  indicate  those  regions  of  the  initial 
phase  giving  rise  to  dissociative  trajectories, in  which  the  action  cannot 
be  defined  in  the  usual  way.  N,  D,  and  R  indicate  non-reactive, 
dissociative,  and  reactive  regions,  respectively.  The  trajectory  was 
begun  with  the  distance  from  atom  A  to  the  center  of  mass  of  BC  being 
12  bohr. 


Figure  7.  Final  action  v^  as  a  function  of  initial  phase  for  a  collision 
involving  vibrationally  excited  molecules  at  a  reagent  translational 
energy  of  0.2815  eV.  All  markings  are  as  in  figure  6. 

Figure  8.  Final  action  v^  as  a  function  of  initial  phase  4^  for  a  collision 
involving  vibrationally  excited  molecules  at  a  reagent  translational 
energy  E^  of  0.  1615  eV.  All  markings  are  as  in  figure  6. 

Figure  9.  Final  action  v^  as  a  function  of  initial  phase  ^  for  a  collision 
involving  ground  state  molecules  at  a  reagent  translational  energy  E^ 
of  0. 178  eV.  All  markings  are  as  in  figure  6.  Note  the  expanded 
scale  of  the  ordinate. 


Figure  10.  Final  action  v^  as  a  function  of  the  initial  phase  for  a 
collision  involving  vibrationally  excited  molecules  at  a  reagent  transla¬ 
tional  energy  E^  of  0.085  eV.  The  initial  phases  are  limited  to  the 
chattering  region  described  in  the  text  and  the  regions  to  slightly  lower 
and  higher  initial  phase.  All  markings  are  as  in  figure  6. 

Figure  11.  Energy  fractions  f  (X  =  A,  B,  C)  (defined  in  section  II)  as  a 
function  of  the  initial  phase  for  the  dissociative  bands  seen  in  collisions 
of  ground  state  molecules  at  a  reagent  translational  energy  E^  of  0.388  eV. 
A  solid  line  is  used  for  atom  A,  a  dashed  line  for  atom  B,  and  a  dotted  line 
for  atom  C.  A  dashed-dotted  line  marks  the  approximate  boundary  be¬ 
tween  bands.  The  curve  for  atom  A  is  continued  into  the  non-reactive 
region  and  the  curve  for  atom  C  is  continued  into  the  reactive  region  by 
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a  procedure  described  in  the  text,  (a)  the  small  band  from  0.90  to 
i.03  radians  initial  phase;  (b)  the  large  band  from  5.10  -  6.60  radians. 

Figure  12.  Energy  fractions  f^.  as  a  function  of  initial  phase  for 
dissociative  bands  in  collisions  of  ground  state  molecules  at  a  reagent 
translational  energy  Eq  of  0.233  eV.  All  markings  are  as  in  figure  11. 

Figure  13.  Energy  fractions  f  as  a  function  of  initial  phase  &  for 

X  i  o 

dissociative  bands  in  collisions  of  vibrationally  excited  molecules  at  a 
reagent  translational  energy  E  of  0.2815  eV.  (a)  the  small  band  from 
0.25  to  0.31  radians;  (b)  the  large  band  from  3.20  to  5.50  radians.  All 
markings  are  as  in  figure  11. 

Figure  14.  Energy  fractions  fv  as  a  function  of  initial  phase  <p  for 
dissociative  bands  in  collisions  of  vibrationally  excited  molecules  at  a 
reagent  translational  energy  E^  of  0.  1815  eV.  (a)  band  from  2.04  to  2.  12 
radians;  (b)  band  from  4.25  to  4.80  radians;  (c)  band  from  5.32  to  5.36 
radians.  All  markings  are  as  in  figure  11. 

Figure  15.  Energy  fractions  f^  as  a  function  of  initial  phase  for 
dissociative  bands  in  collisions  of  vibrationally  excited  moelcules  at 
a  reagent  translational  energy  E^  of  0.1015  eV. 

Figure  16.  Energy  fractions  f  as  a  function  of  initial  phase  <f>  for 

X  ^  o 

dissociative  bands  in  collisions  of  vibrationally  excited  molecules  at  a 
reagent  translational  energy  E^  of  0.0715  eV.  All  markings  are  as  in 
figure  11. 

c  d 

Figure  17.  Partitioning  probability  5*^  described  in  section  II  of  the 
text  for  atom  A  for  dissociation  in  collisions  of  ground  state  molecules 
at  a  reagent  translational  energy  of  0.  388  eV. 

c  d 

Figure  18.  Partitioning  probability  fir  for  atom  A  for  dissociation  in 
collisions  of  ground  state  molecules  at  a  reagent  translational  energy 
Eq  of  0.233  eV.  The  probability  is  zero  for  values  of  the  energy  fraction 
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f  below  that  at  which  it  diverges  (~0.  58). 

A 

c  d 

Figure  19.  Partitioning  probability  ~<rr^  for  atom  A  for  dissociation 
in  collisions  of  vibrationally  excited  molecules  at  a  reagent  translational 
energy  E^  of  0.2815  eV. 

c  d 

Figure  20.  Partitioning  probability  for  atom  A  for  dissociation 

in  collisions  of  vibrationally  excited  molecules  at  a  reagent  translational 
energy  E^  of  0.  1815  eV. 

c  d 

Figure  21.  Partitioning  probability  for  atom  A  for  dissociation 

in  collisions  of  vibrationally  excited  molecules  at  a  reagent  translational 
energy  of  0.  1015  eV.  The  probability  is  zero  for  values  of  the  energy 
fraction  f  below  that  at  which  it  diverges  (~0.25). 

A 

c  d 

Figure  22.  Partitioning  probability  for  atom  A  for  dissociation 

in  collisions  of  vibrationally  excited  molecules  at  a  reagent  translational 
energy  of  0.0715  eV. 

Figure  23.  Plot  of  a  typical  reactive  trajectory  in  the  low  energy  reaction 
reactivity  band  for  collisions  of  vibrationally  excited  molecule.  Trajec¬ 
tory  is  for  initial  conditions  of  E^  =  0.0715  eV  and  initial  vibrational 
phase  of  3.4558  radians.  The  integration  of  the  trajectory  was  begun 
with  R  =  12.8952  bohr.  The  trajectory  is  superimposed  on  a  plot  of  the 
potential  energy  surface  for  the  system  in  Delves  mass-scaled  coordinate 
system.  Contours  are  drawn  every  0.06  eV  starting  from  0.02  eV  up 
to  0.50  eV  with  respect  to  a  zero  of  energy  at  the  bottom  of  the  well  of 
the  isolatediatomic  molecule.  The  X  marks  the  saddle  point  for  the 
reaction.  Note  that  there  is  only  one  crossing  of  the  symmetric  stretch 
line. 

Figure  24.  Plot  of  a  typical  reactive  trajectory  in  the  high  energy  reaction 
reactivity  band  for  collisions  of  vibrationally  excited  molecule.  Trajec¬ 
tory  is  for  initial  condition  of  E^  =0.2815  eV  and  initial  vibrational 
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phase  of  6.5649  radians.  All  markings  are  as  in  figure  23. 

Figure  25.  Plot  of  a  typical  dissociative  trajectory  in  collisions 
of  ground  state  molecules.  Trajectory  is  for  initial  conditions  of 
Eq  =  0.388  eV  and  initial  phase  of  0.3142  radians.  All  markings  are 
as  in  figure  23. 

Figure  26.  Plot  of  a  typical  dissociative  trajectory  in  the  low  energy 
dissociation  reactivity  band  for  collisions  of  vibrationally  excited  mole¬ 
cules.  Trajectory  is  for  initial  conditions  of  E^  =  0.0715  eV  and  initial 
phase  of  5.3407  radians.  All  markings  are  as  in  figure  23. 

Figure  27.  Plot  of  a  typical  dissociative  trajectory  in  the  large,  high 
energy  dissociation  reactivity  band  for  collisions  of  vibrationally  excited 
molecules.  Trajectory  is  for  initial  conditions  of  E^  =0.2815  eV  and 
initial  phase  of  5.3407  radians.  All  markings  are  as  in  figure  23. 

Figure  28.  Plot  of  a  typical  dissociative  trajectory  in  the  small 
dissociation  reactivity  band  imbedded  in  the  large  non-reaction  band  for 
collisions  of  vibrationally  excited  molecules.  Trajectory  is  for  initial 
conditions  of  E^  =  0. 1815  eV  and  initial  phase  of  2. 12  radians.  All 
markings  are  as  in  figure  23. 

Figure  29.  Plot  of  a  non-reactive  trajectory  in  the  chattering  region 
shown  in  figure  10.  Trajectory  is  for  initial  conditions  of  a  vibrationally 
excited  molecule,  E^  =  0.085  eV,  and  an  initial  phase  of  2.65  radians. 
All  markings  are  as  in  figure  23. 

Figure  30.  Plot  of  a  dissociative  trajectory  in  the  chattering  region 
shown  in  figure  10.  Initial  conditions  are  the  same  as  for  the  trajectory 
in  figure  29,  except  that  the  initial  phase  is  2.66  radians.  All  markings 
are  as  in  figure  23. 

Figure  31.  Plot  of  a  reactive  trajectory  in  the  chattering  region 
shown  in  figure  10.  Initial  conditions  are  the  same  as  for  the  trajectory 
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each  trajectory  resulting  in  dissociation,  and  then  appro¬ 
priately  averages  over  all  trajectories  leading  to  dissociation 
Their  determination  from  quantum  mechanical  calculations  is 
more  complicated;  they  may  be  obtained  from  scattering  cal¬ 
culations  performed  by  the  hyper spherical  coordinates  method.4. 

In  this  work  we  present  results  for  the  partitioning 
probabilities,  that  is,  che  probabilities  of  partitioning  of 
the  available  energy  among  the  three  atoms  in  dissociative 
collisions  by  both  quantum  mechanical  (QM)  and  quasi -classical 
trajectory  (QCT)  methods  in  a  model  collinear  atom-diatomic 
molecule  collision.  We  first  review  the  methods  by  which 
these  quantities  are  obtained.  We  then  compare  the  QM  and 
QCT  results  and  discuss  the  origins  of  the  difference  between 
the  results  from  the  two  methods. 

2.  Theory  and  Numerical  Methods 

A.  Quantum  Mechanical  Method 

The  calculation  of  bound-continuum  total  (dissociation) 

probabilities  by  the  hyperspherical  coordinate  method  has  been 
4c  5 

outlined  by  us  and  by  Manz  and  RBmelt  previously.  The 

basic  formalism  for  the  calculations  of  the  partitioning 

4c  b 

probabilities  has  also  been  outlined  previously,  *  We 
present  it  here  in  more  detail,  emphasizing  details  appropriate 
to  its  numerical  implementation. 

First  we  recognize  that  in  dissociative  collisions,  there 


is  only  one  degree  of  freedom  in  the  partitioning  of  the  avail¬ 
able  energy  among  the  three  atoms.  This  is  best  expressed  as 
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1 • . Introduct ion 


The  distribution  of  energy  among  the  various  possible 

degrees  of  freedom  (electronic,  vibrational,  rotational,  and 

translational)  in  collisions  of  atoms  or  molecules  with  other 

molecules  has  been  a  subject  of  intense  research,  both  exper- 
1  2 

imental  and  theoretical,  over  the  past  15  years.  Most  of 
this  work  has  been  concerned  with  the  determination  of  the 
relative  populations  of  the  possible  states  of  the  molecular 
product;  additional  work  has  focused  on  the  relative  rates 
of  formation  of  different  electronic  states  of  atomic  products. 

In  atom-diatomic  molecule  collisions  at  energies  above 
the  threshold  for  dissociation,  collision-induced  dissociation 
(CID) 

A  +  BC-+A+B  +  C 

may  occur.  In  CID  there  are  no  molecular  products;  in  elec¬ 
tronically  adiabatic  collisions  the  only  degrees  of  freedom 
in  the  product  are  translational.  Far  less  is  known  about 
the  dynamics  of  atom-diatomic  molecule  collisions  at  energies 

3 

above  dissociation  than  at  those  below;  in  particular,  little 
attention  has  been  paid  to  the  partitioning  of  the  available 
energy  among  the  three  atoms  in  dissociative  collisions. 

This  information  can  in  principle  be  obtained  from  accurate 
calculations  on  the  collision  process.  Their  determination  from 
quasi-classical  trajectory  calculations  of  the  CID  process  is 
straightforward.  In  these,  one  just  calculates  the  kinetic 
energies  of  the  three  atoms  when  the  collision  is  over  for 


each  trajectory  resulting  in  dissociation,  and  then  appro¬ 
priately  averages  over  all  trajectories  leading  to  dissociation 
Their  determination  from  quantum  mechanical  calculations  is 
more  complicated;  they  may  be  obtained  from  scattering  cal¬ 
culations  performed  by  the  hyperspherical  coordinates  method.^' 
In  this  work  we  present  results  for  the  partitioning 
probabilities,  that  is,  the  probabilities  of  partitioning  of 
the  available  energy  among  the  three  atoms  in  dissociative 
collisions  by  both  quantum  mechanical  (QM)  and  quasi-classical 
trajectory  (QCT)  methods  in  a  model  collinear  atom-diatomic 
molecule  collision.  We  first  review  the  methods  by  which 
these  quantities  are  obtained.  We  then  compare  the  QM  and 
QCT  results  and  discuss  the  origins  of  the  difference  between 
the  results  from  the  two  methods. 

2.  Theory  and  Numerical  Methods 

«^wwwwvs<#wws^vvvwwvwv\^www^^ 

A.  Quantum  Mechanical  Method 

The  calculation  of  bound-continuum  total  (dissociation) 

probabilities  by  the  hyperspherical  coordinate  method  has  been 

outlined  by  us  and  by  Manz  and  Rfimelt  previously.  The 

basic  formalism  for  the  calculations  of  the  partitioning 

4c  b 

probabilities  has  also  been  outlined  previously,  '  We 
present  it  here  in  more  detail,  emphasizing  details  appropriate 
to  its  numerical  implementation. 

First  we  recognize  that  in  dissociative  collisions,  there 


is  only  one  degree  of  freedom  in  the  partitioning  of  the  avail¬ 
able  energy  among  the  three  atoms,  This  is  best  expressed  as 


the  angle  a,  which  is  one  o f  the  two  variables  in  the  hyper- 
spherical  coordinate  treatment  of  collinear  atom-diatomic 
molecule  collisions.  The  kinetic  energies  of  the  three 
atoms  are  related  by  the  expressions 


mB  +  mC 
- -  cos^a 


(2a) 
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COS  a  -  (^)4  Sin  a  ] 
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(2c) 


where  E'  is  the  total  energy  of  the  system  measured  with  respect 
to  that  of  three  infinitely  separated  atoms  at  rest  and  M  is 
the  sum  of  the  atomic  masses. 

X  n 

The  differential  probability  da^  A(a)  of  dissociating 

from  a  bound  state  An^,  where  A  represents  the  reagent  diatomic 

molecule  (AB  or  BC)  and  n^  is  its  vibrational  quantum  number, 

into  a  dissociation  direction  specified  by  the  angular  range 

a  to  a  +  da  is  given  by  the  ratio  of  the  asymptotic  radial 

flux  into  that  angular  range  to  the  total  incident  flux 

ftk.  /u»  where  k.  is  the  wavenumber  describing  the  initial 
A  A  K  A 

relative  translation  of  the  atom  with  respect  to  the  diatom 


in  Delves  mass  scaled  coordinates,  and  y  is  the  Delves  mass 

( m  m  m  /U  ^  • 
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dad*nA(a,p)  =  ad*nA(a,p)d  *  Im  [^*(||)]pda  .  (3) 

Xn 

The  dissociative  part  i^d  A  (the  only  one  of  interest  here) 
of  the  total  wavefunction  i|>^nA  (see  eq.  (3)  of  ref.  2)  may 
be  written  (at  large  p)  as 

Nd 

*dA  =  p_i  exp  (iknP)(kXn  /k^S^A  4>Q(a,p)  .  (4) 

n=l  A  1 

where  index  n  denotes  the  discretized  continuum  channels, 

Rq  the  corresponding  wave  number,  and  S^nA  the  bond  to 
continuum  elements  of  the  scattering  matrix.  If  numerical 
integration  of  the  coupled  channel  equations  were  carried 
out  to  p=“,  the  eigenvalues  of  all  continuum  state  would  be 
identical  (and  zero),  all  their  wavenumbers  kQ  would  be  equal 
to  a  common  value  k  =  (1/h) (2yE' )3 ,  and  the  factor  (1/k) 
exp  (ikp)  in  eq.  (4)  could  be  moved  outside  the  summation  sign 
In  principle,  the  sum  in  eq.  (4)  is  infinite;  in  practice  it 
is  truncated  at  some  value  Nd  sufficiently  large  for  that  sum 
to  have  essentially  converged  to  its  correct  value.  The 
dependence  of  dadnA  and  of  (}>n  (a;p)  on  p  disappears  asymptot¬ 
ically  as  p  +  ». 

From  eqs.  (3)  and  (4)  we  get,  assumming  the  kn  and  4>n 
to  be  independent  of  p, 


rd  x(a,p)=p  (f>n (a  ;p)  4>n,(or,p)  r^,  (P)[ReS^ReS^  + 

n,n=i  > 


xn>  xn%,  r  XR.  Xn.  XR.  XR.  , 

+  UnSn,AImSn  x]  +  Bnn,(p)[HeSn^ImSn>-ReS  xImSn,x]}d<* 


rhere 
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Aim'(p)  =  "  ^  sin  WSi -  V)  Pi  +  V08  f(kn  “  knr)  p1  (6a) 

Bnn/(P)  =  ’  ^"cos  t(kn  "  M  Pi  +kn  sinC(kn  "  kn')  p1  *  <6b) 


As  mentioned  earlier,  as  p-*-»,  k^k  for  all  n,  and  there¬ 


fore 


A  ,  'N'  , 

nn'  „  k 

p-^oo 


(Va) 


Bnn '  ^  0 

p-^oo 


(7b) 


In  this  limit,  eq.  (5)  reduces  to  the  form  given  previously. 


4a,  6 


In  all  numerical  calculations  we  will  use  eq.  (5)  and  not  its 
limit  as  p  -*■  09 . 

Rather  than  dealing  with  cXnA(a,p),  in  which  one  calculates 
the  probability  per  unit  a  range  of  forming  products  correspon¬ 
ding  to  a  given  a,  we  prefer  to  consider  the  probability 
odnA(EA,p)  per  unit  E^  range  of  a  dissociation  in  which  atom 
A  has  a  kinetic  energy  E^  with  respect  to  the  center  of  mass 
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of  the  triatomic  system.  It  is  given  by 


°dVEA'‘» 


X  ( ot ,  p  )  . 


(8) 


These  partitioning  probabilities,  when  integrated  over  all 
possible  values*  of  EA  give  the  total  dissociation  probability 


X(p) 


c-X(EA.p)dEA 


(9) 


and  E^ax  are  determined  by  eq.  (2a)  setting  a=amax= 
tan'1 (mBM/mAmc)^  and  a=0,  respectively.  Since  adAnX(EA,p) 
has  the  dimensions  of  a  reciprocal  energy,  it  is  convenient  to 
define  the  dimensionless  quantities  o*  X(fA,p)  and  fA  by 


odnX(fA,p)  *  E’ odnX(EA,p)^j 

and 

fA  =  VE' 

Using  these  dimensionless  quantities,  the  integral  in  eq.  (9) 

♦In  eq.  (8),  ref.  4c,  we  mistakenly  gave  a  value  of  0  for  the 
lower  limit  of  integration.  This  is  true  only  in  the  limit 
a  -►  tt /2  :  otherwise  gmin 

is  a  finite  non-zero  quantity. 

max  '  A 


becomes 


Pd"*«»  =/!ln  Sd“X(1A-’>dfA 
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B.  Quasi-Classic.al  Method 


The  details  of  the  calculation  of  o*nX(fA)  by  the  QCT 

Q 

method  have  been  described  elsewhere;  we  briefly  outline 
them  here.  The  equation  for  co^nA(EA),  where  the  subscript 
c  indicates  classical  mechanics,  is 


Aa^ 


-  —  5 

2tt  4- 


«Vd*.)i 


(12) 


where  <J>0  is  the  initial  phase  of  the  vibration  of  the  diatomic 
molecule  (in  radians)  and  the  summation  is  over  all  of  the 
regions  of  the  initial  range  of  phases  which  lead  to  dissoci¬ 
ation,  and  in  which  EA  varies  continuously  with  <J>0.  The 
coefficiant  (1/2tt)  provides  for  correct  normalization  of 

c5d"X(EA>-' 

C.  Potential  Enerev  Surface 


The  potential  energy  surface  used  is  of  the  rotating- 

9 

Morse-cubic  spline  type,  and  has  been  briefly  described 
elsewhere.  For  the  mass  combination  considered  (mA=  m^® 
in  H-atom  mass  units),  asymptotically  there  are  two  bound 
states,  with  energies  of  0,0815  and  0,1885  eV  with  respect 
to  the  bottom  of  the  diatomic  molecule  well  (which  is  0.22 


eV  deep).  The  Morse  parameters10  of  the  reagent  molecule 
are  De=0,22  eV,  6  =  1, 6  bohr"1  ,  R  =  1,40083  bohr,  Equi- 
potential  contour  lines  of  this  potential  energy  surface  are 
displayed  in  Figure  -  of  ref.  4c, 

D.  Numerical  Methods 

In  the  hyperspherical  coordinate  calculations,  six  even 
and  six  odd  basis  functions  were  used.  Comparison  with 

4  n 

calculations  done  previously  using  10  even  and  10  odd 
functions  showed  that  the  present  results  are  essentially 
converged.  The  S  matrix  was  approximately  unitary,  the  devi¬ 
ation  from  unitarity  increasing  as  the  dissociation  probability 
increases.  Average  values  of  this  deviation  are  given  in 
Section  3,  Integration  was  carried  out  to  p=  190  bohr; 
asymptotic  analyses  were  carried  out  at  110,  130,  150,  170, 
and  190  bohr.  As  discussed  above,  at  finite  p,  the  dissociation 
probabilities  P^nA  and  the  partitioning  probabilities  crlnA 
vary  slowly  with  p.  The  results  we  present  are  means  of  the 
values  at  the  five  different  projection  distances.  We  also 
indicate  standard  deviations  of  some  of  these  quantities  to 
provide  a  feeling  for  the  extent  of  their  p  dependence.  Eq. 

9  permits  a  consistency  check  between  the  values  of  A 
and  o*  A,  That  equation  was  satisfied  in  general  with  an 
accuracy  of  ±?t 

The  quasiclassical  trajectory  calculations  were  carried 
out  using  standard  methods,11  The  integration  time  step  was 
5,41  x  10_17sec,  Energy  is  conserved  to  four  digits  in  these 


calculations.  Integration  of  trajectories  was  begun  with 
the  distance  RA  ^  from  the  incident  atom  to  the  center  of 
mass  of  the  diatomic  molecule  of  12.0  bohr.  Initially  100 
trajectories  were  calculated  per  energy  (and  initial  state), 
corresponding  to  a  grid  of  initial  phase  of  tt/50  radians. 

Near  the  boundary  between  dissociative  and  either  non-reactive 
or  reactive  regions  of  the  trajectory  final  states  the  phase 
angle  grid  was  cut  down  to  0,01  radians.  The  derivative  in 
eq.  (12)  was  evaluated  by  fitting  a  parabola  to  every  group 
of  three  points  and  differentiating  analytically;  we  then 
interpolated  these  derivatives  by  using  a  cubic  spline 
procedure, 

3b — BSSliSS 

We  have  calculated  dissociation  probabilities  as  a 

y 

function  of  energy  at  a  number  of  energies  up  to  0,25  eV  above 
dissociation  when  the  reagent  molecule  is  initially  in  vibra¬ 
tional  state  v,  Balues  of  dissociation  probabilities,  both 
quantum  and  quasi-classical ,  are  given  for  four  energies  in 
Table  1,  For  the  quantum  results,  we  also  present  the  worst 
unitarities  WU  (the  largest  sum  of  the  squares  of  the  elements 
in  a  given  row  or  column  of  the  §  matrix).  All  the  quantum 
mechanical  results  are  averages  (indicated  by  angular  brackets) 
over  the  five  asymptotic  analyses  described  above;  standard 
deviations  are  given  for  all  quantities  (indicated  by  the  letter 
s).  The  relative  smallness  indicates  that  those  quantities  are 
not  a  very  sensitive  function  of  the  projection  distance.  We 


now  focus  attention  on  the  lowest  and  highest  of  the  energies 
in  Table  1:  0,04  and  0,25  eV,  respectively, 


Detailed  data  on  the  structure  of  the  banding  of  the 
QCT  calculations  are  given  in  Table  2,  in  which  we  examine 
the  number,  width,  and  properties  of  the  separate  regions 
of  the  initial  phase  giving  rise  to  dissociative  trajectories. 
From  Table  2  it  is  clear  that  there  may  be  more  than  one 
region  of  initial  phase  leading  to  dissociation,  and  that 
these  regions  may  have  minima  in  their  plots  of  fA 
initial  phase.  As  may  be  seen  from  eq.  (12),  minima  in  these 
plots  give  rise  to  divergences  in  co^nX, 

In  considering  the  quantum  results  it  is  useful  to  under¬ 
stand  how  the  individual  terms  of  the  sum  in  eq,  (5)  vary  with 
the  indices  n  and  n',  For  this  purpose,  we  present  in  Fig. 

1  a  plot  of  the  transition  probability  P^n  for  going  from  the 
bound  state  v  of  the  reagent  diatomic  molecule  to  the  nth 
continuum  state  as  a  function  of  n.  These  probabilities  are 
obtained  from  the  corresponding  S  matrix  elements  by  the 
expression 


2 


(13) 


Generally  speaking,  a  larger  indicates  a  larger  magnitude 

of  S^n  and  correlates  with  a  larger  contribution  to  the  summa¬ 
tion  in  5.  We  see  that  P^n  decreases  appreciably  (“by  more 
than  two  orders  of  magnitude)  ns  n  increases  from  1  to  8,  in-r 
dicating  that  to  first  order,  the  truncation  of  the  sum  in 
eq.  5  at  n=n'-8  should  provide  reasonable  results,  Note  that 


in  two  of  the  three  cases  shown,  there  seems  to  be  a  strong 
preference  for  dissociation  to  symmetric  continuum  states 
(n  odd). 

Plots  of  the  quantum  mechanical  partitioning  probabilities 
ovd  as  a  function  of  fA  for  E'=0.04  eV  and  0.25  eV  are  presented 
in  Figs.  2  and  3.  Because  of  the  simplicity  of  this  symmetric 
collinear  atom-diatomic  molecule  system,  we  may  replace  the 
superscript  Xn^  used  previously  by  v,  as  that  is  the  only 
initial  quantity  which  may  be  varied,  Error  bars  are  used 
to  indicate  the  standard  deviations  of  the  calculated  par¬ 
titioning  probabilities  from  their  mean.  We  deleted  the 
portion  of  the  curve  nearest  to  fA  =  }  as  here  the  calcula¬ 
tions  are  unreliable.  This  is  due  to  the  form  of  the  da/dEA 
term  in  eq.  (8); 

^  ea»"*  (14> 

When  Ea  =  E^ax  (for  this  mass  combination,  when  fA  -  j) , 
this  factor  diverges  and  the  resulting  may  be  large,  as 
may  their  deviations. 

In  Figs,  4-6  we  present  plots  of  the  classical  partition¬ 
ing  probability  co^  for  three  sets  of  initial  conditions: 
E'=0.04  eV  and  v=  0  and  E'=0.25  eV  and  v=0  and  v=l ,  repec- 
tively.  Note  that  the  vertical  scales  are  different  in  all  the 
figures  (except  Figs,  4  and  5).  In  the  ensuing  section  we 
discuss  the  different  forms  of  these  curves  as  well  as  their 
differences  from  the  quantum  mechanical  ones. 


The  plots  of  the  quantum  mechanical  partitioning  prob- 
_d 

abilities  in  Figs.  2  and  3  all  show  the  same  basic  structure 
o*  increases  fairly  smoothly  as  f^  increases  from  its  minimum 
to  its  maximum  value.  There  does  appear  to  be  some  structure 
in  these  curves  as  seen  by  the  existence  of  shoulders  and 
small  maxima.  The  magnitude  of  the  error  bars  suggests  that 
these  oscillations  might  be  real;  from  the  data  obtained  one 
should  not  discard  the  maximum  in  the  of  curve  near  f.=0.55 
in  Fig,  3.  It  is  premature  to  assign  too  much  significance 
to  these  oscillations  for  two  reasons.  First,  it  has  been 
seen  in  preliminary  calculations  that  termination  of  inte¬ 
gration  at  a  small  value  of  p  leads  to  spurious  oscillations 
in  the  o“  curves,  which  decrease  in  magnitude  as  p  is  in¬ 
creased.  Second,  the  small  basis  set  used  in  the  present 
calculations  may  lead  to  errors  in  the  resulting  values  of 
oj.  Since  the  higher  basis  functions  have  more  oscillations 
than  do  the  lower  ones,  their  contribution  to  the  summation  in 
eq.  (3)  may  be  such  that,  while  its  overall  magnitude  is  small, 
it  could  affect  the  fine  structure  of  the  curves.  We  note 
that  in  general,  the  of  and  of  curves  have  the  same  overall 
behavior. 

The  plots  of  co£  (Figs.  4-6)  have  a  richer  structure  in 
that  the  various  curves  are  all  fairly  different.  In  Fig.  4 
we  see  that  co^  increases  fairly  smoothly  with  f^,  with  the 
exception  of  a  small  dip  near  0.52.  In  Fig,  5  ad  increases 

C  0 

rapidly  with  f.,  reaches  a  maximum,  has  one  fairly  rapid 
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oscillation  and  then  decreases  slowly  with  From  Table  2 

we  see  that  there  are  two  separate  regions  of  initial  phase 
contributing  to  dissociation;  analysis  of  the  contribution 
from  each  shows  that  only  a  small  fraction  (-10%)  of  the  area 
under  the  curve  in  Fig.  4  comes  from  the  first  (narrow)  dis¬ 
sociative  region,  and  its  contribution  is  nearly  independent 
of  fA. 

The  curve  for  ca^  in  Fig.  6  at  the  same  total  energy 

differs  appreciably  from  that  for  in  Fig.  5.  The  large 

c 

spike  in  Fig.  6  arises  because  the  plot  of  fA  v& .  initial 

phase  has  a  broad  inflection  region  in  which  dEA/d<j)  -  0, 

Thus,  by  eq.  (12),  of  must  become  large.  This  is  a  somewhat 

c 

unusual  occurrence;  more  normally  one  finds  minima  in  the 
plot  of  Ea  v4,  <p,  giving  rise  to  discontinuous  jumps  in  the 
plot  of  5“  These  spikes  or  discontinuities  in  «a  are 
purely  a  consequence  of  the  way  in  which  the  classical  tra¬ 
jectories  behave,  in  particular  the  origin  of  well  defined 
reactivity  bands.  How  the  reactivity  band  structure  in¬ 
fluences  the  form  of  the  part itioning  probability  curves  is 

8 

discussed  in  detail  elsewhere. 

Because  there  is  not  necessarily  any  close  relationship 
between  the  reactivity  band  structure  for  collisions  involving 

Q 

different  reactant  vibrational  states,  the  classical  par¬ 
titioning  probabilities  for  different  reactant  states  at  the 
same  total  energies  can  have  substantially  different  forms 
(i.e,,  have  spikes  or  discontinuities),  The  quantum  mechanical 
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partitioning  probabilities  appear  to  be  fairly  similar  for 

the  different  reactant  states,  however.  Thus,  it  may  be  that 

classical  mechanics,  while  giving  a  reasonable  description 

for  the  likelihood  of  dissociation,  gives  an  incorrect  one 

for  the  details  for  the  dissociation  process.  It  is  quite 

likely  that  in  higher  dimensionality,  in  which  reactivity 

12 

band  structure  blurs  or  disappears  altogether,  more 
reasonable  agreement  between  the  quantum-mechanical  and  quasi 
scallical  partitioning  probabilities  my  be  obtained. 

In  summary,  we  believe  we  have  obtained  reasonably 
accurate  (although  probably  not  fully  converged)  probabil¬ 
ities  for  the  partitioning  of  kinetic  energy  among  the  dis¬ 
sociation  products  for  collinear  atom-diatomic  molecule 
collisions  by  a  quantum  mechanical  method  on  a  model  system. 
We  have  compared  these  results  to  those  obtained  by  classical 
mechanics,  and  shown  that  they  behave  quite  differently. 
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Figure  Captions 

AA>WNA^WVN^VV\ 

FIG.  1.  Plot  of  individual  bound-continuum  transition  probabilities  P^n 
vs.  the  index  n  of  the  continuum  state  for  three  sets  of  initial 
collisions.  E '  =0.04  eV,  v  =  1  (circles,  solid  line),  E'  = 

0.25  eV,  v  =  1  (squares,  dashed  line);  E'  =  0.25  eV,  v  =  0 
(triangles,  dotted  line).  Values  plotted  are  the  means  of  the 
values  obtained  from  five  asymptotic  anlyses.  Error  bars 
indicate  one  standard  deviation  about  the  mean.  Where  no 
error  bars  are  shown,  they  are  sufficiently  small  that  they 
would  be  within  the  plotted  symbol  (circle,  square,  or  triangle). 

FIG.  2.  Plot  of  the  dimensionless  quantum  mechanical  partitioning 

j 

probabilities  a“  as  a  function  of  the  fraction  fA  of  the  available 
kinetic  energy  going  to  atom  A  at  an  energy  E'  =  0. 04  eV  with 
respect  to  three  infinitely  separated  atoms.  Curves  are  shown 
for  both  the  v  =  1  (solid  line)  and  v  =  0  (dashed  line)  initial  states. 
The  values  of  have  been  multiplied  by  ten  before  plotting. 

All  values  plotted  are  the  means  of  the  values  obtained  from 
the  five  asymptotic  analyses;  the  error  bars  indicate  one 
standard  deviation  about  the  mean.  The  plot  has  been  cut  off 
just  above  fA  =  0.65  for  reasons  described  in  the  text. 

FIG.  3.  Plot  of  the  dimensionless  quantum  mechanical  partitioning 

probabilities  as  a  function  fA  of  the  available  kinetic  energy 
going  to  atom  A  at  an  energy  E'  =  0. 25  eV  with  respect  to  three 
infinitely  separated  atoms.  All  markings  are  as  in  Fig.  2. 

FIG.  4.  Plot  of  the  dimensionless  classical  mechanical  partitioning 

c-d 

probability  ay  as  a  function  fA  of  the  available  kinetic  energy 
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Figure  Captions  (continued) 

/v>H^>^aaa>vv,n/v\  ' 

going  to  atom  A  at  an  energy  E'  =  0. 04  eV  with  respect  to 
three  infinitely  separated  atoms. 

FIG.  5.  Plot  of  the  dimensionless  classical  mechanical  partitioning 

c-d 

probability  <r0  as  a  function  f^  of  the  available  kinetic  energy 
going  to  atom  A  at  an  energy  E'  =  0. 25  eV  with  respect  to 
three  infinitely  separated  atoms. 

FIG.  6.  Plot  of  the  dimensionless  classical  mechanical  partitioning 

probability  cct^  as  a  function  f^  of  the  available  kinetic  energy 
going  to  atom  A  at  an  energy  E'  =  0. 25  eV  with  respect  to 
three  infinitely  separated  atoms. 
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1.  Intr  oduction 

Quasi-classical  trajectory  calculations  have  served  an  important 
role  in  the  last  20  years  in  helping  one  gain  insight  into  the  dynamics  of 
chemical  reactions  [1].  Information  concerning  the  effect  of  reagent 
vibrational,  rotational  and  translational  excitation,  and  the  product 
vibrational  and  rotational  distributions  has  been  obtained.  In  addition, 
by  looking  at  trajectories,  one  is  able  to  get  a  good  physical  picture  of 
the  collision  process  itself. 

Such  trajectory  calculations  have  been  particularly  useful  in  the 
development  of  simple  qualitative  models  for  chemical  reactions  that 
allow  one  to  understand  how  a  change  in  a  potential  energy  surface, 
isotopic  substitution,  or  reagent  excitation  will  affect  the  collision 
process  [2].  These  simple  models  and  pictures  are  particularly  useful 
in  interpreting  the  results  of  quantum  mechanical  calculations  [3], 
which,  by  themselves,  give  good  values  for  reaction  probabilities,  but 
do  not  provide  any  insight  as  to  how  chemical  reactions  occur  [4]. 

In  this  paper,  we  briefly  report  the  results  of  quantum  mechanical 
calculations  on  the  collinear  system 

Cl'  +  Ha  (v)  -  Cl'  +  HC1  (v7  <  v)  (la) 

-  Cl'H  (v*  <  v)  +  Cl  (lb) 

on  two  potential  energy  surfaces.  We  focus  in  particular  on  one  seem¬ 
ingly  surprising  aspect  of  the  dynamics:  in  vibrationally  nonadiabatic 
collisions,  the  probabilities,  and  thus  the  rates,  of  the  nonreactive  (la) 
and  reactive  (lb)  processes  are  almost  equal,  although  this  is  not  true 
for  vibrationally  adiabatic  collisions.  We  show  that  this  result  is 
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obtained  approximately  in  collinear  quasi-classical  trajectory  calcula¬ 
tions,  and  that  by  analysis  of  reactivity  bands  and  individual  trajectories 
we  can  understand  why  this  should  be  so. 

In  Section  2  we  briefly  describe  the  method  of  calculation  and  the 
potential  energy  surfaces  used.  In  Section  3  we  present  the  results  of 
the  quantum  mechanical  and  quasi-classical  trajectory  calculations.  In 
Section  4  we  discuss  and  interpret  the  results  obtained. 


The  quantum  mechanical  calculations  on  reactions  (1)  were  per¬ 
formed  using  the  method  of  hyperspherical  coordinates  [5, 6].  This 
method  allows  one  to  treat  heavy- light-heavy  mass  combinations  with¬ 
out  difficulty,  in  spite  of  the  small  skew  angle  (13. 59°)  between  the  two 
arrangement  channels  in  Delves  mass-weighted  coordinate  system  [7]. 
This  technique  has  previously  been  used  by  two  different  groups  to  study 
the  reaction  [5b,  6e] 

I'  +  HI  -  V  H  +  I  (2) 

and  similar  results  have  been  obtained,  giving  one  substantial  faith  in 
its  applicability  to  these  mass  combinations. 

In  the  calculations  reported  here,  eight  even  and  eight  odd  basis 
functions  were  used  at  lower  energies  and  12  even  and  12  odd  at  higher 
energies.  Convergence  of  the  transition  probabilities  (estimated  by 
varying  the  basis  set  and  integration  stopping  point)  to  ±  0. 001  and  flux  to 
±  0. 0002  was  obtained  at  nearly  all  energies.  The  highest  energy  for 
which  calculations  were  performed  was  1. 24  eV  above  that  of  HC1  (v  = 

0).  Standard  methods  were  used  for  the  collinear  quasi-classical 
trajectory  calculations  [1].  Trajectories  were  started  with  the  distance 
from  the  Cl'  atom  to  the  HC1  center  of  mass,  Hrl  at  12  bohr,  and 
were  terminated  when  either  distance,  or  R^  g^j,  ,  was 

more  than  12  bohr. 

Two  different  LEPS  [8]  surfaces  were  used.  The  molecular 
parameters  for  HC1  and  Cl,  were  those  of  Connor  et  al,  [9],  Two  values 
of  the  Sato  parameter  were  chosen  (0. 138  for  surface  A;  0. 185  for 


surface  B).  These  correspond  to  surfaces  (i)  and  (ii)  of  Smith  [10], 
and  have  barrier  heights  of  6. 21  and  1. 89  kcal/mole,  respectively. 
Parameters  and  properties  of  the  potential  energy  surfaces  are  shown 
in  table  1.  The  higher  barrier  height  corresponds  roughly  to  the 
experimental  activation  energy  [11]  and  also  to  the  upper  limit  to  the 
barrier  as  predicted  in  ab  initio  calculations  [12];  the  lower  barrier 
height  is  close  to  the  predicted  lower  limit  [12],  and  was  found  by 
Smith  to  lead  to  better  agreement  between  quasi-classical  trajectory 
calculations  [10]  and  experiment  [13]  for  the  deactivation  process 

Cl  +  H(D)C1  (v  =  1)  -  Cl  +  H(D)C1  (v  =  0).  (3) 

It  is  expected,  then,  that  the  actual  barrier  height  is  somewhere  within 
these  two  limits.  The  potential  surface  is  plotted  in  Delves  [7]  mass- 
weighted  coordinates  in  figs.  4  and  5,  where  selected  trajectories  are 
plotted. 
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3.  Results 

In  fig.  1,  we  present  a  plot  of  the  probability  versus  energy 
curves  for  vibrationally  nonadiabatic,  nonreactive  processes,  defined 
as  process  (la),  with  v  =  2  and  V  =  0  and  1  (P^  and  P^,  respectively), 
and  the  corresponding  reactive  processes  P^  and  for  calculations 
on  surface  B.  State -to- state  rate  constants  are  calculated  from  the 
reaction  probability  versus  energy  curves,  and  these  are  plotted  in  the 
form  of  Arrhenius  plots  for  the  four  transitions  in  fig.  2.  While  the 
shape  of  the  probability  versus  energy  curves  and  rate  constant  curves 
are  different  on  surface  A,  two  of  the  most  striking  features  are  seen 
there  also:  the  near  equality  of  the  corresponding  reactive  and  non¬ 
reactive  probabilities  and  rates,  and  also  the  dominance  of  single¬ 
quantum  deactivating  transitions.  Hence,  since  the  features  of  the 
dynamics  of  interest  here  are  common  to  both  surfaces,  we  will 
restrict  further  study  to  surface  B. 

The  results  of  the  quasi-classical  trajectory  calculations  are 
presented  in  fig.  3  for  a  series  of  translational  energies  (energy  above 
the  v  =  2  level).  In  the  figure  the  final  action  of  the  diatomic  product 
(HC1  or  HC1')  is  plotted  versus  the  initial  vibrational  phase  of  the  HC1 
reagent.  The  reactive  or  nonreactive  nature  of  the  collision  is  also 
indicated.  In  addition,  the  duration  of  the  trajectory  is  plotted. 

One  can  clearly  see  that  the  trajectories  giving  rise  to  vibration- 
ally  nonadiabatic  trajectories  are  localized  in  the  two  regions  at  the 
boundary  between  the  reactive  and  nonreactive  bands.  As  the  energy 
decreases,  the  boundary  region  between  the  bands  becomes  diffuse, 
much  more  so  for  the  activating  transitions  than  the  deactivating  ones. 
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At  the  lowest  energies,  where  quantum  mechanically  no  vibrational 
excitation  is  possible,  the  actions  versus  phase  curve  appears  to  be  a 
collection  of  random  points.  The  near  symmetry  of  the  reactive  and 
nonreactive  bands  about  a  vertical  line  drawn  through  the  center  of  the 
gap  between  the  bands  shows  that  one  could  expect  nearly  equal  amounts 
of  reactive  and  nonreactive  products  for  vibrational  deactivation,  in 
agreement  with  the  quantum  mechanical  results. 

The  funnel-shaped  nature  of  the  action  versus  phase  curves  near 
the  boundary  between  the  bands  demonstrates  the  classical  nature  of  the 
preference  for  single-quantum  deactivations.  Multiple  quantum  deacti¬ 
vations  can  only  occur  for  a  very  small  range  of  phases  about  the  center 
of  the  gap.  One  can  also  see  that  the  time  for  completion  of  the  trajec¬ 
tory  has  a  minimum  at  the  deactivation  gap  (due  no  doubt  to  the  fast 
nature  of  the  exit  process  when  all  energy  has  been  converted  to  trans¬ 
lational  energy)  and  a  maximum  at  the  activation  gap.  The  fact  that  the 
trajectory  time  increases  much  more  rapidly  for  activating  collisions 
than  it  decreases  for  deactivating  ones,  especially  at  lower  energies, 
suggests  that  far  classically  activating  collisions  the  slowness  is  not  a 
purely  kinetic  energy  effect;  the  trajectories  giving  rise  to  vibrational 
excitation  must  be  significantly  more  complex  than  those  leading  to 
relaxation. 


-8- 


The  increase  in  trajectory  time  and  in  the  vibrational  action  of 
the  diatomic  product  across  a  gap  in  the  reactivity  bands  has  been 
observed  before  by  various  workers  in  collisions  of  ground  vibrational 
state  molecules  [14, 15].  Attention  has  seldom  been  directed  to  these 
phenomena  in  collisions  of  vibrationally  excited  molecules,  however  [16]. 
Nevertheless,  the  theory  and  intuition  developed  for  the  ground  state 
case  appears  to  carry  over  with  some  modification  to  the  vibrationally 
excited  state  case  considered  here  [14]. 

Pechukas  and  Poliak  [17]  have  shown  that  the  sharp  increase  of 
the  final  action  and  trajectory  time  versus  phase  plots  across  the  band 
gaps  is  due  to  the  existence  of  " trapped  trajectories’'  that  occur  when 
the  initial  phase  is  quite  close  to  that  of  the  center  of  the  gap.  They 
have  identified  three  different  kinds  of  trapped  trajectories  [17],  most 
importantly  the  first  kind,  in  which  the  mass  point  vibrates  forever 
between  the  two  contours  whose  energy  is  that  of  the  total  energy  present, 
and  the  second  kind,  in  which  the  mass  point  vibrates  in  a  way  such  that 
it  touches  only  one  of  the  energetically  limiting  trajectories.  It  is  clear 
that  motion  along  the  symmetric  stretch  line  would  constitute  a  trapped 
trajectory  of  the  first  kind. 

Our  goal,  then,  is  to  determine  what  kind  of  trajectory,  which 
must  not  be  terribly  different  from  a  trapped  trajectory,  gives  rise  to 
vibrational  deactivation.  This  trajectory  must  have  the  property  that 
it  causes  the  mass  particle  to  "forget”  from  which  arrangement  channel 
it  entered  if  there  are  to  be  equal  reactive  and  nonreactive  probabilities. 

Since  the  trajectory  time  associated  with  vibrational  deactivation 
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is  short,  this  trajectory  cannot  have  that  of  an  especially  long-lived 
complex  (one  spending  a  far  greater  time  in  the  saddle  point  region  of 
the  potential  energy  surface  than  a  nearby  less  nonadiabatic  trajectory). 
Examination  of  a  number  of  trajectories  shows  that  the  limiting  trapped 
trajectory  for  vibrational  deexcitation  is  motion  along  the  symmetric 
stretch  line.  In  vibrationally  deactivating  collisi  ons  at  some  time  the 
mass  particle,  the  motion  of  which  in  Delves  coordinates  is  equivalent 
to  that  of  the  actual  system  [the  single  particle  of  mass  • 

(2mcl  +  mH)"^],  lies  along  the  symmetric  stretch  line  beyond  the 
saddle  point,  and  has  its  velocity  directed  along  the  line  towards  the 
saddle  point,  (Rcl/.H  =  %  +  Cl  =  R*  **  At  that  time’  ^  trajectory 
obeys  the  equations 


RC1'  -H  “  RH-C1  > 

(4a) 

“ci'-H  *H-C1  „  n 

(4b) 

dt  dt 


A  fairly  typical  trajectory  resulting  in  substantial  vibrational  deactiva¬ 
tion  is  shown  in  fig.  4b .  Since  this  trajectory  involves  motion  essen¬ 
tially  along  the  symmetric  stretch  line,  it  means  that  to  a  good  approxi¬ 
mation,  the  mass  particle  has  forgotten  its  channel  of  origin.  That  this 
type  of  trajectory  leads  to  conversion  of  vibrational  energy  to  transla¬ 
tional  energy  has  been  observed  by  Wright  et  aL  [15]  in  their  study  of 
the  H  +  Hj  reaction.  This  effect  is  not  observed  in  adiabatic  reactions. 
A  typical  vibrationally  adiabatic  trajectory  is  shown  in  fig.  4a. 

Examination  of  trajectories  shows  that  trajectories  leading  to 
vibratic  iai  activation  are  in  some  ways  the  reverse  of  those  leading  to 
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vibrational  deactivation.  Early  on  the  trajectory  first  undergoes  near- 
periodic  motion  near  the  saddle  point  (similar  to  a  trapped  trajectory 
of  the  second  kind).  At  some  time  later  the  mass  particle  climbs  the 
symmetric  stretch  line  beyond  the  saddle  point  with  its  velocity  directed 
towards  dissociation.  At  lower  energies,  especially  below  the  quantum 
mechanical  energetic  threshold  for  activation,  the  trajectory  may  then 
become  highly  complicated,  undergoing  near-periodic  motion  character¬ 
istic  of  motions  of  trapped  trajectories  of  the  first  kind.  For  these 
trajectories  roughly  equal  amounts  of  reactive  and  nonreactive  products 
should  be  obtained.  A  typical  trajectory  resulting  in  vibrational  excita¬ 
tion  at  high  energy  is  shown  in  fig.  4c. 

Three-dimensional  trajectories  have  been  calculated  for  the  Cl  + 
HC1  system  by  a  number  of  workers  [10, 19].  The  calculations  show 
competitive  rates  for  reactive  and  nonreactive  deactivations.  The 
uncertainty  associated  with  the  assignment  of  final  quantum  numbers  in 
quasi-classical  trajectory  calculations  makes  a  detailed  comparison  of 
the  state-to-state  deactivation  rates  difficult.  The  trajectory  calcula¬ 
tions  all  indicate  that  in  three  dimensions,  the  dominant  pathway  for 
vibrational  relaxation  is  V  —  R  energy  transfer  [10, 19],  rather  than 
V  —  T,  as  is  necessarily  the  case  in  collinear  collisions. 

The  fact  that  the  same  equality  of  reactive  and  nonreactive  deact¬ 
ivation  rates  was  obtained  on  the  two  potential  energy  surfaces  suggests 
that  this  effect  is  not  immensely  dependent  on  the  surface  used  (for  a 
sufficiently  high  barrier,  of  course,  the  reactive  probabilities  will  go 
to  zero  at  low  energies).  As  this  near-equality  is  not  obtained  for  the 
H  +  H,  reaction  (although  as  the  reagent  vibrational  state  increases, 


the  reactive  and  nonreactive  deactivation  rates  do  approach  one  another 
[20]),  it  seems  reasonable  that  this  equality  is  a  mass  effect,  arising 
from  the  small  skew  angle.  We  hope  to  document  this  in  the  future. 

In  a  future  publication,  we  will  fully  discuss  the  results  of 
classical  and  quantum  calculations  on  these  systems  [21]. 
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Table  1 

Parameters  and  properties  of  LEPS  potential  energy  surfaces  A  and  B. a^ 


HC1 

ci. 

/3/bohr”1 

0.  9892 

1.0626 

Re/bohr 

2.4060 

3. 7791 

VeV 

4. 6258 

2.5169 

A  A 

0.138 

B 

0.185 

saddle  point  location/bo  hr 

A 

(1.459,  1.459) 

B 

(1.443,  1.443) 

barrier  height/ (kcal/mole) 

A 

6. 21 

B 

1.89 

HC1  zero  point  energy/eV 

A 

0.1838 

B 

0.1836 

Masses  used:  m^  =  34. 6974  mH. 
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Figure  Captious 

aa>vwvw\N^w^ 

Figure  1.  Cubic  spline  fit  to  quantum  mechanical  probabilities  of  state- 
to-state  transitions  versus  reagent  translational  energy  for  vibrational 
deactivation  in  collinear  collisions  of  Cl  +  HC1  (v  =  2):  (solid  line), 

(dashed  line),  P^  (dotted  line),  and  P^  (dashed- dotted  line).  Note 
expanded  vertical  scale  (full  scale  corresponds  to  probability  of  0. 04). 

Figure  2.  Arrhenius  plots  of  state-to- state  rate  constants  for  vibra¬ 
tional  activation  in  collinear  collisions  of  Cl  +  HC1  (v  =  2).  Hie  rate 
constants  were  calculated  from  the  quantum  mechanical  transition 
probabilities.  The  lines  represent  the  same  transitions  as  in  fig.  1; 
markers  represent  the  points  calculated,  (O),  k^f  (A),  h^  (+),  k^  (x). 

Figure  3.  Plots  of  final  vibrational  action  (left  ordinate)  versus  initial 
phase  of  reagent  HC1  (v  =  2)  in  collinear  collisions  of  Cl  +  HC1  (v  =  2). 

In  the  region  in  which  the  curves  are  smooth,  a  solid  line  represents 
reactive  collisions  and  a  dashed  line  represents  nonreactive  collisions. 

In  the  non-smooth  regions,  open  circles  are  used  to  indicate  reactive 
collisions  and  open  squares  to  indicate  nonreactive  collisions.  The 
time  of  the  trajectory  (the  time  scale  is  on  the  right  ordinate)  is  shown 
by  a  dotted  line  in  its  smooth  region  and  by  closed  circles  elsewhere. 
Curves  are  for  translational  energies  of  0.  5  eV  (top),  0.  3  eV  (middle), 
and  0. 1  eV  (bottom). 

Figure  4.  Plots  of  typical  trajectories  (dashed-dotted  line)  superim¬ 
posed  on  a  contour  plot  of  the  potential  energy  surface  (surface  B)  in 
Delves  mass-weighted  coordinate  system.  Contours  are  drawn  every 
0. 4  eV  from  0. 2  to  3.  0  eV,  measured  with  respect  to  the  bottom  of  the 
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HC1  well.  An  x  is  drawn  at  the  saddle  point.  The  trajectories  were 
started  at  R  =  24. 75  bohr  in  the  entrance  channel  (at  the  lower  right) 
and  terminated  in  the  exit  channel  (upper  right),  well  past  the  limits  of 
the  plot.  Trajectories  shown  are  for  a  translational  energy  of  0. 3  eV. 
(a)  Vibrationally  adiabatic  trajectory-initial  phase  =  0.  50  radians,  final 
action  =  1.  981;  (b)  vibrational  deactivating  trajectory-initial  phase  = 

2.  9293  radians,  final  action  =  -0. 115;  (c)  vibrationally  activating 
trajectory-initial  phase  =  4.  09  radians,  final  action  =  2. 821. 


HCL (V=2 )  0. 185 
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Calculations  of  quantum  mechanical  probabilities  and  rate  constants  for  the  collinear  reaction  Br  +  HCI(u  *  2,3,4) 

-»  BrH  +  Cl,  Br  +  HCl(u'  <  u)  were  performed  using  hyperspherical  coordinates.  Removal  of  vibrationally  excited  HO  pro¬ 
ceeds  mainly  by  reaction  to  a  nearly  degenerate  HBr  state.  Processes  for  which  a  large  change  in  the  internal  energy  occurs 
have  low  probabilities. 


1 .  Introduction 

Reactions  of  halogen  atoms  (X)  with  hydrogen 
halides  (HY)  of  the  type 

X  +  HY-XH  +  Y  (1) 

have  been  the  subject  of  a  great  deal  of  experimental 
and  theoretical  work  (1],  Exothermic  reactions  of 
this  type  produce  inverted  population  distributions 
of  vibrational  levels  [2]  and  can  thus  be  used  as  the 
pumping  step  in  chemical  lasers  [3],  The  fairly  small 
energy  difference  between  the  ground  (2Pj/2)  and 
first  excited  (2Pj/2)  states  of  the  halogen  atom  allows 
one  to  look  at  the  possibility  of  electronically  non- 
adiabatic  processes  [4] .  Endoergic  reactions  of  this 
type  are  known  to  be  greatly  accelerated  by  vibration¬ 
al  excitation  of  the  hydrogen  halide  reagent  [5], 
Theoretical  treatments  of  these  reactions  are  more 
difficult,  however.  Not  only  must  one  have  an  accu¬ 
rate  potential  energy  surface  in  order  to  perform  re- 
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liable  scattering  calculations,  but  one  must  also  con¬ 
sider  the  possibility  of  electronically  nonadiabatic  pro¬ 
cesses.  Single  potential  energy  surface  quasiclassical 
trajectory  calculations  on  these  systems  have  usually 
been  able  to  match  experimental  product  state  distri¬ 
butions,  but  have  not  had  much  success  in  duplicating 
other  experimental  results  such  as  isotope  effects  and 
the  temperature  dependence  of  rate  constants  [6). 

Quantum  mechanical  treatments  of  these  reactions 
have  been  limited  because  the  traditional  methods  of 
performing  calculations  for  collinear  atom— diatomic 
molecule  collisions  [7-10]  are  not  well  suited  for  pro¬ 
cesses  in  which  a  light  atom  is  transferred  between  two 
heavy  ones.  This  difficulty  has  recently  been  overcome 
by  the  development  of  the  collinear  hyperspherical  co¬ 
ordinates  technique  [11-19]  that  allows  one  to  per¬ 
form  reactive  scattering  calculations  efficiently  for 
heavy-light-heavy  (HLH)  systems.  Studies  of  systems 
of  this  type  using  this  method  have  been  applied  pri¬ 
marily  to  exchange  reactions  of  identical  atoms  (sym¬ 
metric  systems),  such  as  [12,18] 

r  +  HI-l'H  +  I.  (2) 

In  this  work  we  report  the  results  of  calculations 
on  the  asymmetric  system  Br  +  HC1  for  the  processes 

Br  +  HCl(u  =  2,3,4)  -BrH(t>')  +  Cl,  (3a) 

-Br  +  HCl(u'<t>).  (3b) 
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These  processes  [5,20]  and  the  reverse  reaction  [21] 

G  +  HBr  -►  C1H  +  Br  (4) 

have  been  studied  experimentally  and  in  three-dimen¬ 
sional  quasi-classical  trajectory  calculations  [5,22,23]. 
A  preliminary  account  of  a  collinear  quantum  mechan¬ 
ical  calculation  on  reaction  (4)  has  been  reported  pre¬ 
viously  [24]. 

In  section  2  we  briefly  discuss  the  application  of  the 
hyperspherical  coordinate  method  to  these  systems  and 
the  surface  used.  In  section  3  we  present  and  discuss  the 
results,  and  in  section  4  we  summarize  the  results  and 
conclusions. 


2.  Computational  method  and  potential  energy  surface 

We  have  discussed  our  hyperspherical  coordinate 
method  for  symmetric  systems  previously  [1 1-13], 
and  the  modification  of  the  method  for  asymmetric 
systems  is  straightforward.  R5melt  [19]  has  also  im¬ 
plemented  such  a  modification  and  applied  it  to  the 
well-studied  system  F  +  H2.  The  basic  idea  of  the  meth¬ 
od  is  to  express  the  problem  in  the  polar  coordinates 
p,  a  and  to  expand  the  wavefunction  in  a  set  of  eigen¬ 
functions  of  the  hamiltonian  at  constant  p.  Two  simple 
changes  are  involved  in  going  from  symmetric  to  asym¬ 
metric  systems. 

(a)  Whereas  in  symmetric  systems  the  integration 
of  the  coupled  channel  equations  can  be  done  for  the 
symmetric  and  antisymmetric  solutions  separately, 
such  a  decoupling  is  no  longer  possible  for  asymmetric 
systems. 

(b)  At  large  values  of  p,  it  previously  sufficed  to 
project  the  wavefunction  onto  a  basis  set  of  the  eigen¬ 
functions  of  one  diatomic  molecule  only;  two  such 
projections,  for  HX  and  HY,  are  now  required. 

We  have  verified  the  accuracy  of  our  asymmetric 
hyperspherical  coordinates  program  by  performing 
scattering  calculations  on  the  F  +  H2  system  on  the 
Muckerman  V  surface  [25],  and  achieved  agreement 
with  previous  reaction  probability  [26]  to  within  3% 
or  better  at  energies  near  the  low-energy  resonance  that 
occurs  in  this  system.  A  plot  showing  probabilities  for 
the  reaction  F  +  H2(u  =  0)  -*  FH(u  *  2)  +  H  obtained 
by  the  present  and  previous  methods  is  shown  in  fig.  1 . 
The  rapid  convergence  of  the  hyperspherical  coordi¬ 
nate  method  with  respect  to  the  number  of  basis  func¬ 


Fig.  1 .  Probability  of  the  reaction  F  +  H  j  (u  ■  0)  -*  FH  (u  «  2) 

+  H  on  the  Muckerman  V  surface  as  a  function  of  reagent  trans¬ 
lational  energy.  The  solid  line  depicts  results  obtained  previous¬ 
ly  ;  the  points  represent  results  obtained  with  the  present  hyper¬ 
spherical  coordinate  method  using  up  to  eight  basis  functions. 


tions  observed  for  the  H  +  H2  system  [11]  is  also  seen 
for  the  F  +  H2  system;  with  sufficiently  frequent 
changes  of  basis  functions,  results  converged  to  =±0.02 
in  the  low-energy  region  (up  to  0.10  eV  translational 
energy)  can  be  obtained  with  seven  basis  functions 
(five  open  and  two  closed,  the  latter  correlating  asymp¬ 
totically  to  one  closed  state  of  each  of  the  H2  and  HF 
molecules).  The  hyperspherical  distance  at  which 
projection  on  to  the  asymptotic  diatom  eigenfunctions 
was  performed  was  10  bohr.  Beyond  this  p^,  no  fur¬ 
ther  improvement  in  the  convergence  of  the  probabil¬ 
ities  was  obtained. 

Twelve  to  fourteen  basis  functions  were  used  in  all 
the  calculations  for  the  Br  +  HG  system  reported  in 
this  paper.  This  is  far  more  than  needed  in  the  lowest- 
energy  region.  For  example,  equivalent  results  were 
obtained  with  only  eight  channels  in  this  low-energy 
region.  Transition  probabilities  should  be  accurate  to 
±0.002  for  nearly  all  transitions  and  energies;  in  many 
cases  they  are  probably  accurate  to  better  than  ±0.001. 
The  value  of  resulting  in  these  accuracies  was  26 
bohr.  The  relative  error  in  the  reported  transition  prob¬ 
abilities  of  the  order  of  10~3  or  less  was  estimated  to 
be  =10%.  Flux  was  normally  conserved  to  better  than 
±0.001 .  Deviation  of  the  scattering  matrix  from  uni- 
tarity  increased  gradually  with  energy  until  at  the  high¬ 
est  energies  studied  (1.15  eV  above  the  HBr  ground 
state)  flux  was  conserved  to  ±0.008. 
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Fig.  2.  Equipotential  coniour  plot  for  the  Br  +  HC1  system. 
The  solid  curves  are  the  contours  and  are  equally  spaced  in 
increments  of  0.4  eV  from  0.2  to  3.8  eV.  The  zero  of  enetgy 
is  the  bottom  of  the  HC1  well.  The  surface  is  plotted  in  the 
Delves  mass-scaled  cartesian  coordinate  system. 

The  potential  energy  surface  used  is  essentially  the 
same  as  the  one  used  by  Baer  [24],  It  is  a  LEPS  [27] 
surface,  with  all  Sato  parameters  set  to  0.154.  The 
Morse  oscillator  parameters  are  those  of  Douglas  et  al. 
(5).  The  surface  has  a  barrier  to  exchange  of  1  kcal / 
mole.  This  surface  is  not  designed  to  accurately  mimic 
the  real  one;  inadequacies  are  suggested  by  the  differ¬ 
ence  between  the  observed  [21]  and  calculated  [24] 
vibrational  product  state  distribution  for  reaction  (4). 
A  plot  of  the  surface  in  the  Delves  mass-scaled  carte¬ 
sian  coordinate  system  [9, 1 1 ,28]  is  shown  in  fig.  2. 


3.  Results  and  discussion 

A  plot  of  the  energy  eigenvalues  of  the  basis  func¬ 
tions  as  a  function  of  the  hyperspherical  coordinate  p 
is  shown  in  fig.  3.  The  eigenvalues  for  the  isolated  HC1 
molecule  corresponding  to  vibrational  quantum  num¬ 
ber  u  =  2, 3,4  lie  very  slightly  above  those  for  HBr 
with  u  *  0, 1 , 2,  respectively.  Transition  probabilities 
for  reactions  (3a)  and  (3b)  are  presented  as  a  function 
of  reagent  translational  energy  in  fig.  4.  Corresponding 
Arrhenius  plots  of  the  thermal  rate  constants  for  these 
transitions  are  presented  in  fig.  5. 

There  are  three  major  features  of  the  dynamics,  as 
may  be  readily  seen  by  examination  of  figs.  4  and  5. 

(a)  The  only  transition  probability  that  can  achieve 
a  substantial  value  (greater  than  0.1)  is  that  which  con¬ 
serves  internal  energy,  i.e.  reaction  to  the  energetically 
nearest  HBr  state.  Thus,  Br  +  HCl(u  =  2,3,4)  reacts 
predominantly  to  form  HBr(u  *0,1, 2),  respectively. 
The  near-degeneracy  of  HCl(u)  and  HBr(u  -  2)  may 
be  seen  in  fig.  3. 


■  0246 


Fig.  3.  Basis  function  eigenvalues En{p)  as  a  function  of  the 
hyperspherical  coordinate  p.  Values  of  n  for  the  curves  are 
shown  at  the  top  of  the  figure.  The  asymptotic  states  to  which 
each  of  the  curves  correlates  is  indicated  at  the  right  of  the 
figure.  The  asymptotic  eigenvalues  for  HCI(u  =  2, 3,4)  are 
almost  degenerate  with  and  lie  slightly  above  those  for  HBr(u 
■  0, 1,2),  respectively. 

(b)  The  probabilities  of  transitions  of  a  given  kind 
(i.e.  reactive  or  non-reactive)  decrease  in  average  as  the 
change  in  vibrational  quantum  number  increases.  This 
may  be  seen  especially  clearly  by  considering  the  state- 
to-state  rate  constants  in  fig.  5,  where  the  large  separa¬ 
tion  between  the  curves  is  indicative  of  the  large  differ¬ 
ence  in  rate  constants  and  thus  reaction  probabilities. 

(c)  Probabilities  and  rates  of  transitions  to  near¬ 
degenerate  product  states  are  nearly  equal:  this  may 
be  seen  for  three  pairs  of  reactions: 

Br  +  HCl(y  *  3) 

-  BrH(u  =  0)  +  Cl ,  Br  +  HCl(u  =  2)  , 

Br  +  HCl(u  =  4) 

-*  BrH(u=  1)  +  Cl ,  Br  +  HCI(u  =  3)  , 

-  BrH(v  =  0)  +  Cl,  Br  +  HCl(u  =  2)  . 

The  fact  that  the  only  calculated  transition  proba¬ 
bility  reaching  an  appreciable  value  is  the  one  to  the 
nearly  degenerate  HBr  state  is  in  agreement  with  the 
results  of  experimental  studies  [5]  of  the  removal  of 
HCI(u  =  2,3,4)  by  Br  atoms.  In  particular,  those 
studies  have  indicated  that  the  greater  rapidity  of  re¬ 
moval  of  the  d  =  3,4  levels  of  HC1  than  of  the  v  =  1 
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Fig.  4.  Transition  probabilities /*£,-  and  Pw-  for  the  processes  Br  +  HClfv  =  2, 3,4)  -*  HBr(u’)  +  Cl  and  Br  +  HCKu’  <  u),  respec¬ 
tively,  as  a  function  of  initial  relative  translational  energy. 


level  must  be  due  to  chemical  reaction  [process  (3a)j 
and  not  inelastic,  non-reactive  collisions  [process  (3b)J. 
While  we  have  not  extended  our  calculations  to  ener¬ 
gies  below  that  of  the  HBr(u  =  0)  level,  as  is  necessary 
to  calculate  rates  for  the  deactivation  from  HO(u  =  1), 
it  seems  quite  reasonable  to  expect  that  that  rate  would 
be  significantly  slower  than  those  shown  here.  The  re¬ 
lative  rates  of  removal  of  HCl(u)  obtained  here  do  not 
agree  with  those  determined  experimentally,  however. 
We  calculate  HCl(u  =  3)  to  be  removed  more  rapidly 
than  either  HClfu  =  2)  or  HCl(u  =  4),  experiments 
show  the  rate  to  increase  as  u  is  increased  from  1  to  4 

(51- 

This  disagreement  is  not  surprising,  however,  as  it 
has  been  seen  in  symmetric  collisions  that  the  proba¬ 
bility  versus  energy  curves  (rate  constants)  for  the  vi- 
brationally  adiabatic  exchange  reaction  X'  +  HX(u) 


-  X'H(u)  +  X  for  X  =  Cl  (29)  and  X  =  I  [18,29]  vary 
substantially  and  irregularly  with  reagent  excitation. 

In  contrast,  for  the  H  +  H2  reaction,  the  differences 
between  successive  probability  versus  energy  curves 
for  vibrationally  adiabatic  reactions  are  much  more 
regular  [11].  The  irregularity  observed  is  most  likely 
due  to  a  combination  of  the  HLH  mass  combination, 
the  low  activation  barrier,  and  the  restriction  to  col- 
linearity.  Three-dimensional  quasi-classical  trajectory 
calculations  performed  on  a  similar  but  not  identical 
surface  [23]  show  no  such  irregular  behavior,  while 
one-dimensional  quasi-classical  trajectory  calculations 
performed  on  this  surface  show  an  irregularity  roughly 
similar  to  that  of  the  quantum  results  reported  here  * . 

*  We  have  performed  collinear  quasi-classical  trajectory  calcu¬ 
lations  for  the  forward  and  reverse  reaction  and  will  present 
these  results  later. 
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Fie.  5  Arrhenius  plots  of  state-to-state  rate  constants*]*,  , 
for  the  processes  Br  +  HCl(u)  -•  HBr(u')  +  Cl  and  Br  + 
HCl(u'  <  u)  The  line  conventions  correspond  to  those  of  fig.  4. 

A  substantial  difference  between  collinear  (theoreti¬ 
cal)  and  experimental  results  for  this  system  is  quite 
reasonable  in  the  light  of  experimental  results  on  vari¬ 


ous  exoergic  X  +  HY  reactions,  which  suggest  that,  at 
least  at  low  energies,  the  reaction  proceeds  by  attack 
of  the  X  atom  on  the  Y  end  of  the  HY  molecule,  with 
subsequent  H  atom  migration  and  HX  bond  formation 
as  the  HY  bond  breaks  [21,30). 

The  low  probabilities  of  multi-quantum  transitions 
in  non-reactive  collisions  and  of  reactive  transitions  to 
all  but  the  near-degenerate  product  level  can  be  under¬ 
stood  classically,  as  can  the  near  equality  of  the  prob¬ 
abilities  of  reactive  and  nonreactive  transitions  to  near 
degenerate  states.  This  has  been  demonstrated  in  studies 
of  the  Cl  +  HC1  reaction  (31).  Transitions  involving  a 
large  change  in  vibrational  action  (analogous  to  vibra¬ 
tional  quantum  number)  occur  at  the  boundary  be¬ 
tween  reactivity  bands  [32]  in  plots  of  the  final  action 
versus  initial  vibrational  phase.  Near  the  boundary,  the 
final  action  varies  rapidly  with  initial  vibrational  phase, 
forming  a  cusp  about  some  central  boundary  phase 
[31],  Transitions  involving  a  large  change  in  quantum 
number  can  only  occur  for  collisions  in  a  very  limited 
range  of  initial  phases  and  are  thus  unlikely.  In  sym¬ 
metric  systems  such  as  Cl  +  HO,  these  transitions  in¬ 
volved  motion  essentially  along  the  symmetric  stretch 
line.  To  a  first  approximation,  then,  the  system  has 
“forgotten”  in  which  channel  it  began  its  motion,  giv¬ 
ing  rise  to  the  near  equivalence  of  reactive  and  non-re¬ 
active  transitions  to  degenerate  energy  levels. 

One  must  take  great  care  in  relating  the  results  ob¬ 
tained  here  to  experimental  ones.  The  collinearity  re¬ 
striction  is  undoubtedly  a  severe  one  and  can  be  ex¬ 
pected  to  lead  to  qualitatively  incorrect  results.  The 
surface  used  was  chosen  mainly  for  its  simplicity  and, 
although  it  displays  the  correct  energetics  of  the  sys¬ 
tem,  it  need  not  otherwise  bear  a  close  similarity  to 
the  correct  one.  Indeed,  Smith  (23)  performed  three- 
dimensional  quasi-classical  trajectory  calculations  on  a 
related  potential  energy  surface  (LEPS  with  Sato  pa¬ 
rameters  of  0.17)  and  could  not  get  good  agreement 
with  experimental  results.  Finally,  one  must  consider 
the  possibility  of  collisions  involving  more  than  one 
electronic  potential  energy  surface.  Their  possible  im¬ 
portance  has  been  considered  previously,  but  the  results 
are  inconclusive. 


4.  Conclusions 

We  have  shown  that  the  hypersphcrical  coordinate 
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method  is  well-suited  to  the  study  of  reaction  (1)  and 
have  applied  it  to  the  Br  +  HG(u  =  2,3,4)  system. 

The  major  features  of  the  dynamics  include  the  domi¬ 
nance  of  the  removal  of  vibrationally  excited  HC1  by 
reaction  to  the  near-degenerate  HBr  level,  the  small 
probability  of  transitions  involving  a  large  change  in 
internal  energy,  and  the  near  equivalence  of  reactive 
and  nonreactive  processes  to  near -degenerate  HO  and 
HBr  levels.  Because  of  the  restriction  to  collinear  mo¬ 
tion,  uncertainty  in  the  potential  energy  surface,  and 
the  possible  role  of  collisions  involving  more  than  one 
electronic  potential  energy  surface,  these  calculations 
do  not  have  predictive  quantitative  value,  and  com¬ 
parison  with  experiment  should  be  done  very  cautious¬ 
ly. 
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HYPERSPHERICAL  COORDINATES  IN  COLLINEAR  ATOM- DIATOMIC 
MOLECULE  COLLISIONS:  CONVERGENCE  PROPERTIES3-^ 

Jack  A.  KAYEb>,  Aron  KUPPERMANN,  and  John  P.  DWYERC> 

Arthur  Amos  Noyes  Laboratory  of  Chemical  Physics^ 

California  Institute  of  Technology,  Pasadena.  California  91125.  USA 

(Received  ) 

The  hyperspherical  coordinates  method  for  studying  the  collinear 
reactions  of  atoms  and  diatomic  molecules  is  presented  in  some  detail. 
We  apply  the  method  to  the  low  energy  H  +  Ha  and  F  +  Ha  reactions,  and 
focus  on  the  behavior  of  the  reaction  probabilities  and  scattering  matrix 
element  phases  with  the  number  of  basis  functions  and  the  projection 
distance  (essentially  termination  point  of  integration).  For  H  +  H2 
probabilities  and  phases  converge  quite  rapidly  with  the  number  of  basis 
functions;  the  convergence  of  F  +  H2  is  less  rapid.  In  H  +  H2  one  must 
integrate  to  ~  10  bohr  to  get  nearly  converged  absolute  phases  which 
agree  well  with  those  obtained  from  another  method;  relative  phases 
are  obtained  accurately  at  much  smaller  p .  The  phases  for  F  +  H2 
appear  to  be  converging  (slowly)  with  projection  distance,  but  not  to  the 
values  obtained  from  another  method. 
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1.  Introdtaction^ 

Quantum  mechanical  studies  of  chemical  reactions  have  provided 

substantial  insight  into  the  dynamics  of  chemical  reactions,  particularly 

reactions  of  systems  containing  hydrogen  atoms,  in  which  quantum 

1-3 

mechanical  effects  are  expected  to  play  a  major  role.  Exact  three- 
dimensional  quantum  mechanical  calculations  are  quite  difficult  to 
perform,  however,  and  have  been  limited  to  the  reaction 

H  +  Ha  — *  Ha  +  H  (1) 

A  A 

at  low  energy.  Approximate  three-dimensional  quantum  mechanical 

7  8 

calculations  have  been  performed  on  both  this  system  and  the  reaction 

F  +  Ha  —  FH  +  H.  (2) 

A  far  more  tractable  problem  is  that  of  a  collinear  collision  of 

an  atom  and  a  diatomic  molecule.  In  such  a  collision, .  the  atoms  are 

constrained  to  lie  on  a  single  straight  line,  which  vastly  simplifies  the 

formalism  and  reduces  the  numerical  effort  in  solving  the  appropriate 

1-3 

Schrddinger  equation  compared  to  the  three-dimensional  case. 

A  number  of  methods  have  been  developed  to  study  collinear  atom- 

diatomic  molecule  collisions  within  the  framework  of  quantum  mechanics, 

g 

including  coupled  channel  methods  based  on  natural  collision  coordinates 
and  on  the  hybrid  Cartesian  coordinate  /modified  polar  coordinate 
method  of  Kuppermann. 10  In  addition,  the  two-dimensional  partial 
differential  equation  has  been  solved  directly  by  finite  element  methods 
(without  expansion  of  the  wavefUnction  in  terms  of  some  orthonormal 
basis  set). 11 


■While  the  coupled  channel  techniques  have  been  used  quite 
successfully  for  a  number  of  chemical  reactions,  they  cannot  be  used 
to  study  two  interesting  classes  of  reaction:  Heavy-light-heavy  (H-L-H) 
reactions  in  which  a  light  atom  is  transferred  between  two  heavy  ones, 
and  collision  induced  dissociation:  (CID). 

A  +  BC  —  A  +  B  +  C  (3) 

in  which  the  reagent  molecule  is  dissociated  by  the  collision  with  the 
incident  atom.  H-L-H  reactions  are  difficult  to  treat  because  the  large 
amounts  of  skewing  introduced  into  the  potential  energy  surface  by  con¬ 
version  to  an  appropriate  set  of  mass-scaled  coordinates  causes  an  un¬ 
desirably  large  number  of  basis  functions  to  be  needed.  For  example, 
12 

Baer  reported  needing  40  states  in  his  calculations  on  the  reaction 

Cl  +  HBr  —  C1H  +  Br .  (4) 

CID  has  been  difficult  to  treat  because  the  previous  coupled  channel 
methods  have  expanded  the  wavefunction  in  terms  of  a  basis  set  which 
is  zero  in  the  dissociative  (A  f  B  +  C)  region  of  the  potential  energy 
surface.  Quantum  mechanical  studies  of  CID  have  been  performed  in 
non-reactive  systems,  in  which  chemical  reaction  of  the  type 

A  +  BC  —  AB  +  C  (5) 

13 

does  not  compete  with  CID  (process  3).  The  finite  element  method 

14 

mentioned  earlier  has  been  applied  to  CID  in  non-reactive  systems. 

The  first  successful  treatment  of  CID  in  reactive  systems  was  the 
wave-packet  approach  of  Kulander,  who  solved  the  time-dependent 


15 

SchrOdinger  equation  for  the  collision; 

We  have  recently  shown  that  collinear  atom-diatomic  molecule 

collisions  can  be  studied  easily  and  efficiently  by  the  methods  of  hyper- 

16 

spherical  coordinates,  and  that  this  method  can  be  applied  without 

17  1ft 

difficulty  to  both  the  H-L-H  and  CID  systems  which  have  previ¬ 
ously  defied  easy  treatment.  A  similar  approach  has  been  developed 

by  Manz  et  al.1^’  2®  and  applied  to  the  H-L-H21’ 22  and  CID22  problem. 
16-18 

Our  work  has  shown  that  not  only  is  the  hyperspherical  coordi¬ 
nates  method  desirable  because  of  its  ability  to  treat  heretofore  diffi¬ 
cult  problems,  but  that  for  certain  problems  which  can  be  treated  by 
the  previous  methods,  fewer  basis  functions  are  needed  when  using 
hyperspherical  coordinates. 

In  this  paper  we  will  review  the  formalism  of  the  hyperspherical 
coordinates  method,  emphasizing  those  aspects  of  the  method  which 
differ  from  the  treatment  of  Manz  et  al.  We  will  then  present  results 
(reaction  probabilities  and  scattering  matrix  element  phases)  for 
reactions  1  and  2  and,  in  particular,  how  these  results  depend  on 
certain  aspects  of  the  numerical  procedures.  Finally,  we  will  give  an 
assessment  of  the  method  in  light  of  the  results  obtained. 

2.  Theory 

In  the  hyperspherical  coordinates  approach  to  collinear  atom- 
diatomic  molecule  collisions,  the  two  independent  coordinates  are  the 
polar  coordinates  p,a,  which  are  related  to  the  usual  Delves2^  coor¬ 
dinates  R,  r  by  the  transformation 
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P*  »  <Ra  +  ra>  *  +  rl >  <8a) 

a  =  tan'*(ra/Ry),  (6b) 

where  the  indices  a  and  y  refer  to  the  A  +  BC  and  AB  +  C  arrange¬ 
ment  channels,  respectively.  The  Delves  coordinates  Ra,ra  are 
related  to  the  r '  ,  the  distance  between  the  two  atoms  in  the  bound 
molecular  pair,  and  R^,  the  distance  from  the  free  atom  to  the  center 
of  mass  of  the  diatomic  molecule  by  the  relationship 


r 


a 


where 


a 


(  ) 


JL 

4 

t 


(7a) 

(7b) 


(8) 


where  /i  represents  the  reduced  mass  defined  in  the  usual  way.  Similar 
expressions  to  (7)  hold  for  R^  and  r^  with  the  roles  of  a  and  y  in 
Eq.  8  reversed. 

In  Delves  coordinates,  the  hamiltonian  for  nuclear  motion  is 
given  by 


H 


„2  2  .2 
-  .  II  r  3  +  3 
2(il3Rf  9? 


l+Vx(Rx,rx); 


X  =at,y 


(9) 


where 

4  =  [ma  m^/M]2 


(10a) 
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where 


M  =  na  +  xnfl  +  m 

a  p  y 


is  a  reduced  mass  and  is  independent  of  arrangement  channel. 

V  (R  ,  r. )  is  the  electronically  adiabatic  potential  energy  surface  for 

AAA 

the  triatomic  system  in  x  coordinates. 

In  hyperspherical  coordinates,  the  hamiltonian  becomes 

We  desire  a  set  of  independent  solutions  {\f/n  (p,a)}  to  the  SchrOdinger 


equation 


H(p,a)  \J/a(p,a)  =  Ei//n(p,a)  . 


To  solve  this  equation  we  proceed  to  expand  the  wavefunction  \f/\p,a) 
in  terms  of  a  set  of  orthonormal  eigenfunctions  {<Pn'(or,p)}  of  the 
potential  along  the  line  p  =  p 


\p°(p,a)  gl,(p#)<Pa,(a;p)  ,  (13; 

n  — 0 

where  the  p~^  term  is  included  to  remove  the  first  derivative  term 

seen  in  eq.  (11)  from  the  hamiltonian,  and  N  is  the  number  of  states 

included  in  the  calculation.  Because  the  potential  V(p,a)  becomes 

infinite  at  a  =  0  and  a  =  =  tan-1  (mflM/m  m  )^,  (these  corre- 

max  p  ot  y 

spend  to  the  interatomic  distances  Rg^  and  R^g  being  zero,  respec¬ 
tively)  the  eigenfunctions  <Pn,(a;p)  satisfy  the  boundary  conditions 


-7- 


<t>n>(0;p)  =0n'(amax;p)  =  0  (14) 

and  the  differential  equation 

2  $2(p 

-  — ^rr  -r-r-(ar;p)  +  V(a,p)<p  (a, p)  =E  <t>  (a, p).  (15) 

2 )xp2  3a  n  n  n 

As  a  result  of  these  boundary  conditions,  this  set  of  eigenfunctions  is 

infinite  and  discrete,  ft  is  this  property  of  the  basis  set  that  allows  one 

to  treat  CID  with  no  artificial  "discretization  of  the  continuum",  as  the 

basis  set  is  already  discrete,  even  at  energies  above  dissociation.  Of 

course,  we  use  only  a  finite  number  (N)  of  these  basis  functions.  These 

25 

are  calculated  numerically  by  a  finite  difference  procedure. 

The  differential  equation  to  be  solved  then  is,  in  matrix  form, 

a  <ja 

-  2^  f (p;p)  =E(p;p)g(p;p)>  (*6) 

where 

(p;p)  =  (n|v(a;p)  -  (pVp2)  V(a,p)|n'>  (17a) 

E“,  <  p;  p )  =  [E  +  1)78  iip1  -  En(  p)]  5“,  (17b) 

where  |n')  »  <Pn,(a;p)  and  the  angular  brackets  represent  integration 
over  the  angle  a,  and  EQ(p )  is  the  eigenvalue  associated  with  the  basis 
function  <PnAa  ;p). 

Integration  of  the  eq.  (16)  begins  from  some  value  of  p  =  p0  which 
is  sufficiently  small  that  all  the  eigenvalues  of  the  eigenvectors 
<Pn(a ;  p0 )  are  sufficiently  greater  than  the  total  energy  E  of  the  collision. 
In  this  case  we  may  assume  the  following  initial  conditions: 
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|(p0;po)  =  2 

(18a) 

§>  (Po » Po )  =  1  • 

(18b) 

Given  these  initial  conditions,  eq.  (16)  is  numerically  integrated 

by  any  convenient  procedure  (we  have  chosen  to  use  the  method  of 
26 

Gordon)  .  Eq.  (16)  is  formulated  in  the  diabatic  representation.  One 

can  formulate  the  problem  in  the  adiabatic  representation,  in  which  the 

basis  functions  vary  continuously  with  p;  in  that  case  an  equation  very 

different  from  (16)  is  developed;  we  have  derived  these  equations  in  the 

27 

adiabatic  representation  elsewhere. 

Two  points  concerning  the  numerical  integration  should  be 
mentioned.  First,  since  closed  channels  [states  whose  eigenvalue 
EQ(p)  is  greater  than  the  total  collision  energy  E]  are  normally  included 
in  the  calculation  (except  in  calculations  of  CID  at  large  p,  when  all 
states  are  open),  one  must  prevent  the  exponential  growth  associated 
with  the  closed  channels.  This  is  particularly  severe  in  the  hyper- 
spherical  coordinates  approach  at  small  p,  when  all  channels  are 
closed.  This  growth  is  prevented  by  the  reorthogonalization  procedure 
of  Riley  and  Kuppermann.  Second,  since  we  are  working  in  a  diabatic 
representation,  we  must  modify  the  radial  wave  function  g  when  changing 
basis  functions  in  order  to  maintain  continuity  of  \l/n(p;a)  and  its  deriva¬ 
tive  \f/'n(p,a)  across  the  boundary.  This  is  accomplished  by  the  trans¬ 
formation 

§  (p;pK)  =  0|  (p;pK)  (19a) 

gVjP*)  =0/g '(p;pK) 


(19b) 
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I  « 
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i 
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where  the  overlap  matrix  Q  is  defined  by  the  expression 

<20> 


Ideally  Q  should  be  an  orthogonal  matrix;  deviations  from  orthogonality 
which  will  prodcue  a  loss  of  flux,  are  produced  by  use  of  a  finite  basis 
set. 

At  large  values  of  p,  at  which  the  regions  of  the  potential  energy 
surface  corresponding  to  bound  AB  and  BC  diatomic  molecules  are 
localized  to  small  and  large  a ,  respectively,  we  may  project  the  bound 
wave  function  \j/n{p,a)  onto  basis  functions  appropriate  to  the  diatomic 
molecules.  These  basis  functions  {xn(r  ;R.)}  are  solutions  of  the 
differential  equation 


~  2p  “dP'^V^V  +  VX^rX'*V  xn(rx’*V  En(*V  xn  (r x;JV  *  ^ 
^  x 

In  terms  of  this  basis  set,  the  wavefunction  j//n  may  be  written 

=  „-i  S  <p;p>  V  <“•-?>  *  5,  X^<rx;R,)  (22) 


<P 


The  matrix  elements  h£*  are  evaluated  from  eq.  (22)  by  taking 
advantage  of  the  orthogonality  of  the  {  (r  ;R  )}  and  assuming  that 
the  basis  sets  {<£}  and  {x}  are  orthogonal.  This  is  a  very  good  approxi 
mat  ion  when  only  bound  states  are  considered;  it  is  less  good  when 
considering  continuum  states.  The  are  obtained  from  the  expres¬ 
sion 


(23) 
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where  p,  r^,  and  are  related  by  eqs.  6. 

27 

We  have  discussed  elsewhere  the  methods  by  which  a  g  suitable 
for  use  in  eq.  (23)  is  generated  (one  must  correct  for  reorthogonaliza- 
tions  and  renormalizations  by  the  Gordon  integrator).  In  many  cases 
the  width  of  the  channel  r?1*11  <  r  <  r™^  is  sufficiently  large  that 

A  A  A 

one  needs  to  use  more  than  one  polar  coordinate  basis  set  <l>n,(a;p ) 
in  order  to  accurately  represent  the  wavefhnction  \pn(p,  a).  In  that 
case,  the  integral  in  eq.  (23)  must  be  broken  up  into  m  parts,  where  m 
is  the  number  of  basis  sets  used  in  the  integration  from  pmin  to  pmax 
in  polar  coordinates,  where 

Pmin  =  ^  +  O'  <24a> 

=  Sx  +  (rr“>a-  <24b) 


The  new  form  of  eq.  (23)  is 

h^(Rx^x)=I)  /  gnf  (p;^c)<^n/(“;^c)dp? 

(r“  ) 

x  K  (25) 


where  r™*11  and  r?1**  now  depend  on  the  index  k  .  Note  that  the  overlap 

A  A 

matrix  defined  in  eqs.  (19)  and  (20)  above  insures  that  the  integrand  in 
eq.  (25)  is  continuous  across  the  boundaries  between  basis  sets. 

An  equation  similar  to  (23)  (or  25)  is  needed  for  the  derivative 
of  the  matrix  h.  This  is  obtained  by  differentiating  eq.  23  with 


c. 


* 


*0 


respect  to  R  ;  the  result  is 

A 


When  more  than  one  basis  set  is  used  in  the  projection  region,  the 

integral  in  eq.  (26)  may  be  simply  broken  up  into  portions  as  in  eq.  (25) . 

The  matrices  h  and  h'  are  used  in  the  asymptotic  analysis  and  calcula- 

3  2Q 

tion  of  the  R,  S,  and  g  matrices  by  the  usual  procedure.  * 

When  including  "continuum"  states,  that  is  those  whose  asymp¬ 
totic  eigenvalues  are  greater  than  the  dissociation  energy  of  the  di¬ 
atomic  molecules,  the  continuum  states  are  treated  differently  from 
the  bound  states.  This  case  is  described  in  detail  elsewhere. 

In  symmetric  collisions  (where  atom  C  is  identical  to  atom  A), 
the  potential  energy  function  V(a,p)  is  symmetric  about  the  line 
a  =  «max/2,  and  one  can  separately  integrate  symmetric  and  anti¬ 
symmetric  eigenfunctions,  as  there  is  no  coupling  between  these  two 
sets  of  eigenfunctions.  One  could  then  project  onto  symmetric  and 
anti- symmetric  linear  combinations  of  the  diatomic  molecule  basis 
functions  x^Cr^jR^)  and  evaluate  symmetric  and  antisymmetric 
scattering  matrices  could  be  evaluated  and  then  combined  to  get  reac¬ 
tive  and  non-reactive  ones.  Instead,  we  have  projected  separately  onto 
bound  states  in  each  channel  and  evaluated  a  scattering  matrix  only  once. 
We  note  that  Manz  et  al.  perform  no  such  projection,  using 
instead  their  polar  coordinate  radial  wavefunctions  (the  equivalent  of 
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our  g)  directly  in  their  asymptotic  analysis. 

3.ResuIts 

We  have  extensively  tested  the  hyperspherical  coordinate  method 
on  reactions  1  and  2  on  the  Porter -Karplus^  and  Muckerman 
surfaces  respectively.  Calculations  on  these  systems  have  been  per- 

40  OO.Ofl 

formed  previously  in  this  laboratory  ’  and  we  compare  our 

results  with  these  previous  results.  A  number  of  other  workers  have 

performed  calculations  on  reactions  1  and  2  also  (referred  to  in  refs. 

1  and  2) .  The  quantities  on  which  we  will  focus  our  attention  are 

R 

certain  staie-to- state  reaction  probabilities  (P^,  for  the  H  +  Ha 
reaction;  P^  (for  the  F  +  Ha  reaction)  and  scattering  matrix  element 
phases  (<£**  for  the  H  +Ha  reaction;  for  the  F  +Ha  reaction).  We 

note  that  scattering  matrix  element  ptoses  are  determined  only  modulo 
2ir,  and  we  make  no  effort  to  assign  absolute  values  to  any  of  the  phases. 
We  will  examine  these  reaction  probabilities  and  scattering  matrix 
element  ptoses  as  a  function  of  two  parameters;  the  number  of  basis 
functions  being  included  in  the  calculation  and  the  stopping  point  of  the 
integration  (essentially  the  value  of  R  defined  earlier). 

A 

A.  The  H  +  Ha  Reaction 

R 

In  Table  1  we  present  results  for  the  reaction  probability  P£ 
in  the  energy  range  from  0. 25-1.75  eV  with  respect  to  the  bottom  of 
the  Ha  well.  We  have  results  for  2  <  N  «  6,  where  N  is  the  number  of 
symmetric  (and  of  anti-symmetric)  basis  functions  used  in  the  calcula¬ 
tion.  Results  from  a  previous  calculation  (10  basis  functions)  are  also 
included.  Numerical  parameters  used  in  the  integration  of  eq.  (16)  are 
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given  in  Table  2. 

We  have  also  obtained  as  a  function  of  the  projection  distance 
Ppr,  which  is  related  to  the  distance  by  the  equation 


+  r. 


eq 


(27) 


where 


(28) 


These  calculations  were  made  with  four  even  and  four  odd  basis 
functions  for  5  «  p  «  12  bohr.  These  probabilities  are  tabulated  in 
Table  3,  along  with  the  previous  results.  Averages  and  standard 

v 

deviations  of  the  probabilities  are  given  in  Table  4.  Both  Tables  1  and 

3  contain  only  a  fraction  of  the  energies  at  which  we  have  calculated 

probabilities  and  phases.  The  dependence  of  the  scattering  matrix 
R 

element  phase  (p^  on  the  number  of  basis  functions  is  indicated  by  the 
data  in  Table  5,  and  on  projection  distance  in  Table  6.  Additionally, 

p 

we  have  plotted  over  a  range  of  energies  for  the  different  projection 
distances  in  Fig.  1,  and  in  Figs.  2  and  3  we  compare  the  phases 
obtained  here  at  energies  near  the  first  and  second  resonance  with 
those  from  extensions  of  the  previous  calculations  on  this  system. 

B.  The  F  +  Ha  Reaction 

In  Table  7  we  present  results  for  the  reaction  probability  in 
the  energy  range  from  0.0-0. 5  eV  with  respect  to  the  zero-point  energy 
of  HF,  with  points  concentrated  near  the  low  energy  resonance  in  this 
system.  We  have  results  for  7  ^  N  «  9,  where  N  is  now  the  total 
number  of  basis  functions  used  in  the  calculations.  Results  from 


previous  calculations  on  this  system  (13  basis  functions)  are  also  in¬ 
cluded.  Numerical  parameters  used  in  the  integration  of  eq.  (16)  are 

R 

given  in  Table  2.  In  Table  8  we  present  results  for  PM  as  a  function 
of  the  projection  distance  p^r  for  a  calculation  with  nine  basis  functions. 
We  have  examined  p^r  =  10,  12,  and  14  bohr.  Note  in  the  asymmetric 
case  r®^  #  rrc* ,  for  simplicity  we  require  r®**  =  r®**  so  II  =  R  . 

ay  y  a  a  y 

Tables  of  the  phase  <p„  of  the  scattering  matrix  element  s5  as  a 
function  of  basis  set  and  projection  distance  are  given  in  Table  9  and 
Table  10,  along  with  their  values  from  calculations  by  the  previous 
method. 


4.  Discuasion^ad^ croc lusions 

From  the  results  in  the  tables  and  figures,  it  is  clear  that 
reaction  probabilities  and  scattering  matrix  element  phases  converge 
quite  rapidly  with  basis  set  for  the  H  +  Ha  reaction,  while  similar  con¬ 
vergence  has  not  yet  set  in  for  the  F  +  H2  system.  Convergence  in  the 
former  system  is  quite  remarkable  (and  fast)  at  certain  energies  above 
the  threshold  region,  the  probabilities  sometimes  vary  by  less  than 
±  0. 0001  on  addition  of  basis  functions.  The  general  conclusions  from 
Tables  1  and  5  is  that  in  the  H  +  H3  system,  with  two  closed  channels 
of  each  symmetry  type  one  should  have  an  adequate  basis  set,  given  the 
frequency  of  basis  set  calculations  (every  0.10  bohr)  u::  i. 

Convergence  of  the  reaction  probabilities  with  projection  distance 
is  less  rapid.  The  results  scatter  about  an  average  value;  the  scatter 
is  fairly  narrow,  as  we  see  from  Table  4  that  the  largest  standard 
deviation  of  the  p5  is  0. 007  (and  that  occurs  essentially  in  the  center 
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of  the  first  resonance,  where  data  scatter  might  be  expected  to  be 

large).  This  convergence  is  impressive  when  compared  to  the  results 
20 

of  Rdmett  for  this  reaction  on  the  Porter-Karplus  surface.  He 

obtained  good  reaction  probabilities  by  interpolating  between  the  limits 

of  a  highly  oscillatory  vs.  integration  stopping  point  (he  did  no 

projection).  For  example,  at  an  energy  of  0. 0404  au  even  at  p  = 

14  bohr,  pfj  is  oscillating  with  amplitudes  of  ±  0. 075  about  the  correct 

probability.  Since  the  major  conceptual  difference  between  his  work 

16  19  20 

and  our  work  is  our  inclusion  of  a  projection;  ’  »  it  appears  that 

it  must  be  the  projection  which  causes  our  transition  probabilities  to 
reach  their  accurate  values  so  rapidly. 

While  the  reaction  probabilities  for  H  +  H2  become  more  or  less 
independent  of  the  projection  distance  at  fairly  small  p,  we  see  that  the 
same  is  not  true  for  the  scattering  matrix  element  phases.  These 
approach  a  limiting  value  as  the  projection  distance  increases,  and 
approach  it  uniformly  from  above  (see  Fig.  1).  As  with  the  proba¬ 
bilities,  the  phases  compare  quite  well  with  those  of  the  previous 
method  (see  Figs.  2  and  3).  The  probabilities  for  F  +  Ha  behave  fairly 
well  in  terms  of  basis  set  and  projection  distance  convergence  (though 
not  as  well  as  those  for  H  +  H2).  The  phases  (Tables  9  and  10)  also 
converge  fairly  well  with  respect  to  basis  set,  but  do  not  appear  to 
converge  rapidly  as  the  projection  distance  increases.  Further,  they 
do  not  appear  to  be  approaching  the  correct  phases  (as  determined  in 
the  previous  calculations).  In  particular,  the  small  region  of  increasing 
phase  with  energy  seen  by  the  previous  method  is  not  reflected  when 
Ppr  =  10-12  bohr,  and  is  only  minimally  reflected  when  p^T  =14  bohr. 
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We  have  no  reason  why  the  phases  for  FH2  should  not  be  converging  to 
the  seemingly  correct  answer. 

The  rapid  convergence  of  the  reaction  probabilities  and  phases 

with  basis  set  bodes  well  for  future  development  of  hyperspherical 

3*7 

coordinate  methods  for  three-dimensional  reactive  scattering,  as  it 
is  hoped  that  in  that  case  a  smaller  number  of  basis  functions  might  be 

c 

needed  to  treat  3D  H  +  Ha  than  in  the  previous  calculations. 
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0.0120 

0. 1802(-6) 

0. 3468(-6) 

0. 2487(-6) 

0. 202O(-6) 

0.1390(-6) 

0.1985(-6) 

0.0140 
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0.1554 
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0.4597 

0.0190 
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0.7842 

0.7843 
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0.7843 

0.7876 

0.0210 

0.9902 

0.9838 

0.9836 
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0.9836 

0.9860 

0.0240 

0.9959 

0.9968 

0.9969 

0.9969 

0.9970 

0.9976 

0.0300 

0.9096 

0.9289 

0.9301 

0.9302 

0.9302 

0.9306 

0.0320 

..*>> 

0.1797 

0.1768 

0.1785 

0.1770 

0.1738 

0.0340 

w»«a 

0.7110 

0.7121 

0.7115 

0.  7115 

0.7127 

0.0380 

— 

0.5187 

0.5219 

0.5222 

0.5218 

0.5210 

0.0420 

•• 

0.2991 

0.299 

0.3010 

0.3011 

0.2998 

0.04S0 

— 

0.2496 

0.2251 

0.2254 

0.2253 

0.2208 

0.0470 

— 

— 

0.3516 

0.3557 

0.3558 

0.3546 

0.0480 

— 

— 

0.7050 

0.7120 

0.7120 

0.7037 

0.0490 

— 

— 

0.1329 

0.1331 

0.1328 

0.1288 

0.0900 

— 

— 

0.1131 

0.1153 

0.1155 

0.1158 

0.0530 

— 

— 

0.1339 

0.1330 

0.1329 

0.1361 

0.0670 

— 

— 

0.1157 

0.1161 

0.1160 

0.1217 

0.0610 

— 

— 

— 

0.6369(-l) 

0.6v^3(-l) 

0.6452(-l) 

0.0640 

— 

— 

— 

0.1193 

0.1206 

0.1161 

a)  The  number  enclosed  in  parentheses  is  the  power  of  10  by  which  the  non-enclosed 


nnmber  should  be  multiplied. 


b)  lack  of  unitartty  of  the  scattering  matrix  indicated  that  this  calculation  was  unreliable. 


Table  2.  Numerical  Parameters  for  Integration  of  Eq.  16. 


H  +Ha 

F  +Ha 

ppr  =  10  bohr 

10  bohr 

r“m  =  0.25  bohr 

0. 3  bohr 

r™3*  *  4.0  bohr 

3. 3  bohr 

Pp  =  1.5  bohr 

2.0  bohr 

Ap*3)  -  o.  1  bohr 

0.1  bohr 

N^  250 

300-380 

NBPTa) b) c) d)  150 

150 

a)  ppr  =  (R^  +  r^1 )  where  r®q  =  a"1  r£*  . 

b)  Distance  between  successive  basis  set  calculations. 

c)  Minimum  number  of  points  in  eigenfunctions  <t>n(a;p). 

d)  Number  at  points  in  eigenfunctions  x£(r^;ft^) 


Table  3.  H  +  Ha  Reaction  Probabilities  aa  a  Function  of  Projection  Distances 


0.1252  0.1257  0.1361 


std.  dev. 


e/au. 

<pS> 

std.  dev. 

<Poo> 

0.012 

2.826(-7) 

8. 127(-8) 

28.8% 

0.014 

3.204(-4) 

6.193(-6) 

1.93% 

0.016 

0.03044 

0. 00049 

1.61% 

0. 017 

0.1557 

0, 0024 

1.55% 

0. 018 

0.4659 

0.  0052 

1.12% 

0.019 

0.7853 

0. 0057 

0.72% 

0.021 

0.9858 

0.0020 

0.20% 

0.024 

0.9976 

0.0007 

0.07% 

0.030 

0.9324 

0. 0029 

0. 32% 

0.032 

0.1792 

0. 0070 

3.89% 

0.034 

0.7116 

0.0015 

0.21% 

0.038 

0.5249 

0. 0038 

0. 72% 

0.042 

0.3018 

0.0014 

0.46% 

0. 045 

0.2213 

0.0025 

1.12% 

0.047 

0.3523 

0.0012 

0.  33% 

0.048 

0.7071 

0.0026 

0.37% 

0.049 

0.1315 

0. 0024 

1.86% 

0.050 

0.1124 

0.0010 

0.90% 

0.053 

0.1254 

0.0014 

1.08% 
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Table  5.  H  +  H2  Phases  as  a  Function  of  Basis  Set 

R 

(pa,  /radians 
N  =  2  3  4 

c/au. 


5 


6 


Table  6.  H  +  Ha  Phases  as  a  Function  of  Projection  Distance. 


Table  7.  F  +  Ha  Reaction  Probabilities  as  a  Function  of  Basis  Set 


*2a) b) c) 


c/au. 

method 

0.010 

0. 1290(-2) 

0. 1286(-2) 

0. 1357(-2) 

0.1245(-2) 

0. 0102 

0. 4354(-l) 

0. 4363(-l) 

0. 4363(-l) 

0.4457(-l) 

0.0103 

0.1834 

0.1843 

0.1962 

0.2038 

0.0104 

0. 3856 

0.402 

0.4108 

0. 3752 

0. 3744 

0. 3550 

0. 2611 

0.2621 

0. 2666 

0.2630 

0.011 

0.2537 

0.2545 

0.2602 

0.2562 

0. 012 

0.2438 

0. 2453 

0.2404 

0. 2338 

0.013 

0.1497 

0. 1476 

0.1456 

NAC) 

0. 014 

0. 7077(-l) 

0. 6927(-l) 

NA 

0.015 

0. 5563(-l) 

0.6106(-1) 

0.6029(-l) 

0.5717(-1) 

0.0175 

— 

0.5529(-l) 

0.5738(-l) 

0. 5477(-l) 

— 

0. 3539(-l) 

0. 3623(-l) 

0. 3493(-l) 

0.025 

— 

0.1l62(-2) 

0.1154(-2) 

0. 1101(-2) 

a)  The  number  enclosed  in  parentheses  is  the  power  of  10  by  which  the 
non- enclosed  number  should  be  multiplied. 

b)  Lack  of  unitar ity  of  the  scattering  matrix  (>  10%)  indicated  that  this 
calculation  was  unreliable. 


c)  Not  available. 
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Table  8.  F  +  Ha  Reaction  Probabilities  as  a  Function  of 

Projection  Distance 
— 

*0® 


Ppr 

c/au. 

10 

12 

14 

previous 

method 

0. 010 

0. 1357(-2) 

0.1205(-2) 

0. 1151(-2) 

0.1245(-2) 

0.0101 

0. 8221 (-2) 

0. 7622(-2) 

0. 7897(-2) 

0. 8036(-2) 

0.0102 

0.4363(-l) 

0.4445(-l) 

0. 4128(-1) 

0.4457(-l) 

0.01025 

0. 9666(-l) 

0.9895(-l) 

0.9666(-l) 

0. 9690(-l) 

0.0103 

0.1962 

0. 1969 

0.2010 

0. 2038 

0.010335 

0.2870 

0.2842 

0.2908 

0. 3044 

0.010365 

0.3560 

0. 3502 

0. 3560 

0.3711 

0.0104 

0.4025 

0. 3941 

0. 3963 

0.4108 

0.0105 

0.3744 

0.3719 

0. 3701 

0.3777 

0.0106 

0.3176 

0.3199 

0.3197 

0. 3081 

0.017 

G. 2839 

0.2825 

0.2786 

0.2709 

0.0108 

0. 2666 

0.2641 

0.2659 

0.2630 

0.011 

0.2602 

0.2660 

0.2621 

0.2562 

0.0114 

0. 2608 

0.2623 

0. 2618 

0.2597 

0.0118 

0.2517 

0.2475 

0.2528 

0. 2461 

0.0122 

0.2231 

0. 2264 

0.2269 

0.2183 

0.0125 

0. 1978 

0.1961 

0.193 

0.1933 
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Table  9.  F  +  H3  Phases  as  a  Function  of  Basis  Set. 


9 

Ppr 

e/au. 

7 

R 

0M/radians 

8 

9 

previous 

method 

0.010 

7.664 

7.645 

7.754 

5.748 

9 

0. 0102 

5.233 

5.240 

5.246 

4.180 

0.0103 

4.764 

4.746 

4.769 

4.003 

0.0104 

4.652 

4.637 

4.681 

4.157 

i. 

0.0105 

4.448 

4.432 

4.477 

4.157 

0.0108 

3.251 

3.234 

3.237 

3.420 

0.011 

2.377 

2.359 

2.387 

2.854 

m 

0.0115 

0.550 

0.529 

0.533 

NAa) 

0.012 

-1.063 

-1.089 

-1.086 

0.400 

0.0125 

-2.544 

-2.576 

-2.553 

-0.701 

• 

0.013 

-3.875 

-3.924 

-3.928 

-1.762 

a)  Not  available. 
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Table  10.  F  +  H2  Phases  as  a  Function  of  Projection  Distance 


Ppr 

c/au. 

© 

•e- 

3  /radians 
02 

12 

14 

previous 

results 

0.010 

7. 754 

7.246 

6.692 

5.748 

0.0101 

6.209 

5.511 

5.434 

4.760 

0.0102 

5.246 

4.765 

4.558 

4.180 

0.01025 

4.942 

4.411 

4. 297 

4.034 

0.0103 

4.769 

4.276 

4.179 

4.003 

0. 010335 

4.718 

4.242 

4.160 

4. 028 

0.010365 

4.701 

4.235 

4.161 

4.090 

0.01004 

4.681 

4.226 

4.158 

4.157 

0.0105 

4.477 

4.048 

3.983 

4.157 

0.0106 

4.104 

3.708 

3.650 

3.972 

0.0107 

3.676 

3.367 

3.248 

3.649 

0.0108 

3.237 

2.878 

2.816 

3.420 

0.011 

2.387 

2.065 

2.028 

2.854 

0.0114 

0.885 

0.590 

0.563 

1.826 

0.0118 

-0.460 

-0. 720 

-0.748 

0. 859 

0.0122 

-1.456 

-1.921 

-1.953 

-0.700(-l) 

0.125 

-2.558 

-2.783 

-2.811 

-0. 701 

•D  R 

FIG.  1.  Phase  of  the  scattering  matrix  element  for  the  H  +H2 
reaction  as  a  function  of  the  total  energy  E  for  different  values 
of  the  projection  distance  p  .  Data  for  p  =11,12  bohr  are 
not  plotted  because  of  their  similarity  to  the  10  bohr  results. 
Scattering  calculations  were  performed  with  four  even  and 
four  odd  basis  functions;  other  numerical  parameters  have 
their  values  in  Table  2. 

FIG.  2.  Phase  0^  of  the  scattering  matrix  element  ,  for  the  H  +  Hs 
reaction  as  a  function  of  the  total  energy  EQ  near  the  first 
resonance  by  the  previous  method  (line)  and  present  method 
(circle).  Scattering  calculations  used  ppr  =  10  bohr;  all  other 

parameters  are  as  in  Fig.  1 . 

R  R 

FIG.  3.  Phase  0^  of  the  scattering  matrix  element  for  the  H  +  Ha 

reaction  as  a  function  of  the  total  energy  E  near  the  second 

resonance.  Symbols  are  as  in  Fig.  2. 
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1.  Introduc  tioa,  „ 

The  exchange  reactions  between  hydrogen  o  r  deuterium  atoms 
and  hydrogen  halides 

H'  (D)  +  HX  -  H'  X(DX)  +  H  (1)  ** 

(X  =  F,  Br,  Cl,  I)  have  been  among  the  more  studied  simple  chemical 
reactions  [1].  These  reactions  compete  with  the  H(D)  atom  abstraction 
process 

H'(D)  +  HX  -  HH'  (HD)  +  X  .  (2) 

One  of  the  goals  of  studies  of  these  systems  is  the  understanding  of  the  4* 

relative  importance  of  the  exchange  and  abstraction  channels. 

Interest  in  reactions  (1)  and  (2)  has  been  heightened  by  the  recog¬ 
nition  of  their  possible  importance  in  collisional  deactivation  of  vibra-  « 

tionally  excited  HX  in  HX  chemical  lasers,  especially  when  X  *  F  [2]. 

State- to- state  rate  constants  for  processes  of  the  type 

H'  [D]  +  HX(v)  -  H'  XCv7  <  v)  [DXfv7  <  v)]  +  H  (3a)  W 

-  H'  H(v*)  [HD(v*)]  +  X  (3b) 

are  necessary  if  one  is  to  successfully  model  the  kinetics  of  HX  lasers. 

The  exchange  reactions  (1)  have  been  extensively  studied  by 
classical  trajectory  calculations  as  well  as  collinear  quantum  mechanical 
calculations  for  X  =  F  [3],  Cl  [4],  and  Br  [5],  Interest  has  been  greatest 
in  the  H(D)  +  FH  and  H(D)  +  C1H  systems,  which  have  the  smallest  num¬ 
ber  of  electrons  and  are  thus  candidates  for  the  calculation  of  accurate 
potential  energy  surfaces  by  ab  initio  techniques.  Such  calculations 
have  been  performed  on  the  HFH  and  HC1H  systems,  and  the  results 
suggest  the  existence  of  large  barriers  to  exchange,  in  excess  of 
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40  kcal/mole  for  HFH  and  20  kcal/mole  for  HC1H  [6].  Recent  experi¬ 
ments  on  these  systems  appear  to  confirm  the  existence  of  a  high 
barrier  to  exchange  [7]. 

Mo  st  of  the  early  theoretical  studies  of  these  systems  were 
carried  out  on  potential  energy  surfaces  with  a  small  barrier  to 
exchange,  and  therefore  cannot  be  expected  to  give  even  qualitatively 
correct  behavior  for  many  important  dynamical  properties  [8].  These 
s  urfaces  were  normally  obtained  by  using  global  semi-empirical 
potential  energy  functions,  such  as  the  extended  LEPS  form  [9],  which 
were  obtained  by  optimizing  agreement  between  quasi-cla  ssical  tra¬ 
jectory  calculations  and  experiments  on  the  reverse  of  reaction  (2). 

In  particular,  in  previous  quantum  mechanical  studies  of  the  HFH 
exchange  reaction,  both  collinear  [10]  and  coplanar  [11],  potential 
energy  surfaces  with  barriers  to  exchange  of  1. 2  kcal/mole  and  1. 8 
kcal/mole,  respectively,  were  used. 

In  this  work,  we  report  the  results  of  collinear  quantum  mech¬ 
anical  calculations  of  the  reactions 

D  +  FH  (v)  -  DF  (V )  +  H  (4a) 

H  +  FD  (v)  -  HF  (v7 )  +  D  (4b) 

on  a  potential  energy  surface  with  a  barrier  to  exchange  of  40  kcal/mole. 
We  will  be  particularly  concerned  with  the  effects  of  reagent  vibrational 
excitation  on  the  rate  of  reactions  (4a,  b)  as  this  is  a  quantity  which  is 
obtainable  by  experiment,  and  has  been  determined  for  reaction  (4a)  [7b]. 
The  ability  of  a  one-mathematical  dimension  (1MD)  model  to  predict 
and  explain  the  results  will  also  be  considered. 
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The  potential  energy  surface  used  in  these  calculations  is  of  the 
rotating  Morse-cubic  spline  type,  which  has  been  described  elsewhere 
[12].  In  its  application  to  this  system,  we  have  constrained  the  energy 
level  at  the  bottom  of  the  local  Morse  oscillator  well  as  a  function  of 
the  swing  angle  0  (defined  in  ref.  [12])  to  be  a  Gaussian,  with  a  maxi¬ 
mum  at  d  =  */4  radians.  The  saddle  point  occurs  at  RgF  =  R  pg  = 

1. 97  bohr.  The  values  of  0(d)  were  determined  by  fitting  to  the  exchange 
channel  portion  of  the  semi-empirical  (extended  LEPS  form)  Muckerman 
V  FHj  potential  energy  surface  [13].  Thus,  the  position  of  the  minimum 
energy  path  on  this  surface  is  identical  to  that  on  the  Muckerman  V  sur¬ 
face.  Note  that  the  saddle  point  on  this  surface  occurs  at  a  shorter  RgF 
distance  than  that  predicted  by  ab  initio  calculations.  A  fuller  descrip¬ 
tion  of  the  potential  energy  surface  will  be  given  in  a  forthcoming 
paper  [14],  This  surface  is  plotted  for  the  D  +  FH  reaction  in  the 
mass-weighted  Delves  coordinate  system  [15]  in  fig.  1. 

A  vibrational  correlation  diagram  [16]  for  this  surface,  also 
showing  the  potential  along  the  minimum  energy  path,  is  shown  in  fig. 

2.  The  potential  energy  Vn(s)  along  each  curve  (except,  of  course,  for 
that  showing  the  minimum  energy  path)  is  the  sum  of  the  potential 
energy  along  the  minimum  energy  path  ymeP(s)  and  the  appropriate 
eigenvalue  Ey(s)  of  the  potential  formed  by  taking  a  cut  perpendicular 
to  the  minimum  energy  path  (in  Delves  coordinates) 


VT(S)  =  Vmep(s)  +  ET(S)  ,  (5) 


where  s  is  the  distance  along  the  minimum  energy  path  measured  from 
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the  saddle  point,  also  measured  in  Delves  coordinates.  The  eigenvalues 
Ey(s)  are  determined  numerically  from  the  potential  by  a  finite  difference 
procedure  [IT]. 

The  numerical  calculations  were  performed  using  the  coupled- 

channel  method  of  Kuppermann,  which  has  been  described  previously 

[18].  Between  20  and  24  basis  functions  were  used  in  the  calculations, 

and  unitarity  of  the  open  part  of  the  scattering  matrix  S  was  obtained  to 

within  3%  for  all  energies  used;  for  most  energies  it  was  obtained  to 

better  than  1%.  Calculations  were  carried  out  to  energies  up  to  2. 45  eV 

above  the  isolated  HF  (v  =  0)  energy  level.  At  the  highest  energies 

studied,  there  were  six  open  HF  states  and  eight  open  DF  states.  State- 

to- state  rate  constants  were  calculated  from  the  reaction  probabilities 

fcr 

Pyy/  >  which  are  a  function  of  the  reagent  translational  energy  E  by 
the  expression 

i  ®  tr 

k^OT)  =  (2»Ma>bcltT)'i/PVT'(Etr)e'E  /kTdEtr,  (6) 

0 

where  /xa  bc  is  the  reduced  mass  of  the  a,  be  collision  pair.  The  exact 
method  of  evaluating  this  integral  has  been  discussed  by  Truhlar  and 
Kuppermann  [19]. 

Because  of  the  large  barrier  to  reaction,  probabilities  of  reaction 
are  extremely  small  (<  10’12 )  at  small  values  of  E*1.  As  the  collinear 
reactive  scattering  program  is  written  in  single  precision  (for  use  on 
an  IBM  370/158  computer),  we  do  not  entirely  trust  the  exact  magnitude 
of  these  very  small  probabilities.  Hence,  we  restrict  the  temperature 
range  of  our  rate  constant  calculations  to  those  temperatures  where  the 
major  contribution  to  the  integral  in  eq.  (6)  comes  from  energy  ranges 


where  the  reaction  probabilities  are  larger  and  thus  more  reliable. 


3.1te^ 

Reactions  (4)  only  become  probable  in  this  system  for  fairly  large 
values  of  the  translational  energy.  In  figs.  3  and  4,  respectively,  we 
plot  as  a  function  of  E*7  the  total  reaction  probability  for  reactions  (4a) 
and  (4b),  respectively,  for  a  few  of  the  lowest  reagent  vibrational  states. 
While  there  are  some  strong  similarities  between  the  two  figures,  such 
as  the  large  threshold  to  reaction,  the  relative  magnitude  of  the  threshold 
lo  wering  with  vibrational  excitation,  and  the  approximately  parallel 
n  ature  of  the  probability  versus  energy  curves  in  the  region  of  greatest 
increase  of  probability  with  energy,  there  are  some  major  differences, 
however. 

In  the  immediate  vicinity  of  and  slightly  above  the  threshold  energy, 
there  are  major  differences  in  figs.  3  and  4  for  vibrationally  excited 
reagents.  For  reaction  (4a),  for  the  D  +  FH  (v  =  1,2)  reaction,  the 
probability  of  reaction  rises  smoothly  and  rapidly  in  an  s-shaped  curve 
from  0  to  1,  while  for  reaction  (4b),  for  the  reaction  H  +  FD  (v  =  1, 2), 
there  exist  broad  shoulders  in  these  curves.  It  can  be  seen  by  examining 
state- to- state  reaction  probability  versus  energy  curves  that  the  should¬ 
ers  seen  in  fig.  4  are  due  to  reactions  of  the  type 

H  +  FD(v)  -  HF(v  -  1)  +  D  .  (7) 

This  is  shown  graphically  for  the  v  =  1  case  in  fig.  5,  where  state-to- 

and  are  shown  as  a  function  of 
E*7.  It  is  worth  noting  that  at  higher  translational  energies, 
becomes  substantially  smaller  than  and  P^. 


state  reaction  probabilities  P^,  P^, 


V 


% 


% 
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One  other  difference  observed  between  figs.  3  and  4  is  that  at  high 
translational  energies,  the  probability  of  reaction  (4a)  stays  near  unity, 
while  that  of  reaction  (4b)  is  smaller  than  unity  and  is  highly  irregular. 

The  vibrational  correlation  diagram  in  fig.  2  provides  a  useful 
way  of  looking  at  the  DXH  systems.  A  number  of  conclusions  may  be 
drawn  from  a  quick  examination  of  this  diagram  for  the  DFH  system, 
first,  because  of  the  large  barrier,  there  are  no  wells  in  the  vibra- 
tionally  adiabatic  correlation  diagram,  at  least  for  the  first  few  levels. 
As  wells  in  this  diagram  have  been  shown  to  be  related  to  resonances 
in  reaction  probabilities  [16],  we  can  conclude  that  in  the  energy  range 
considered  here  there  should  be  no  resonances,  and,  indeed,  none  has 
been  observed  in  the  dynamics.  Second,  because  of  the  large  difference 
between  HF  and  DF  vibrational  frequencies,  the  highest  point  on  the 
vibrationally  adiabatic  correlation  diagram  moves  into  the  HF  reagent 
channel,  especially  for  vibrationally  excited  reagents.  Thus,  one  may 
interpret,  within  a  vibrationally  adiabatic  model,  reaction  (4a)  as  having 
its  saddle  point  on  the  reagent  side,  while  reaction  (4b)  has  its  on  the 
product  side.  Third,  the  vibrational  frequencies  at  and  near  the  saddle 
point  are  fairly  large;  hence  the  magnitude  of  the  vibrationally  adiabatic 
barriers  decreases  with  energy  by  an  amount  that  is  substantially 
smaller  than  the  vibrational  energy  spacing  of  HF  and  DF.  Thus,  for 
example,  the  translational  energy  threshold  for  reactions  (4a)  should 
decrease  by  0. 21  eV  on  going  from  the  ground  to  the  first  excited  level 
of  HF  and  0. 17  eV  on  going  from  the  first  to  the  second  excited  state  of 
HF;  the  differences  in  vibrational  energies  between  these  levels  are 
0. 49  and  0. 46  e V,  respectively.  The  lowering  in  threshold  energies 
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(defined  as  the  energy  at  which  the  probability  of  reaction  first  reaches 
0. 02)  for  reaction  (4a)  are  0. 22  and  0. 17  eV,  respectively.  Thus,  the 
simple  one-dimensional  vibrationally  adiabatic  picture  provides  a  good 
model  for  the  D  +  FH  system  at  low  translational  energies. 

For  the  H  +  FD  reactions  one  can  interpret  the  low  e  nergy  non- 
adiabatic  reaction  as  occurring  due  to  a  crossing  from  the  DF(v)  curve 
to  the  HF(v  -  1)  curve.  If  this  crossing  occurs  on  the  DF  side  of  the 
saddle  point  (as  seems  reasonable  from  examination  of  fig.  2),  the 
apparent  barrier  to  reaction  should  be  much  smaller  than  to  vibration- 
ally  adiabatic  reaction.  This  qualitatively  explains  the  0. 25  e  V  separa¬ 
tion  in  fig.  5  between  the  center  of  the  P^  flat  maximum  and  that  of  the 
maximum. 

Hate  constants  for  reactions  (4a)  and  (4b)  are  plotted  in  fig.  6  as 
a  function  of  temperature  in  the  form  of  an  Arrhenius  plot  (log  of  the 
rate  constant  versus  inverse  temperature).  Such  plots  are  frequently 
linear,  over  a  broad  temperature  range,  and  linearity  or  near- linearity 
is  seen  in  all  of  the  plots  shown.  In  the  usual  way,  Arrhenius  pre¬ 
exponential  parameters  (A)  and  activation  energies  (E_)  are  obtained 

a 

for  the  linear  region  of  these  curves,  and  the  resulting  data  are  sum¬ 
marized  in  Table  1.  The  vibrational  energy  associated  with  e  ach 
reagent  level  is  also  included  in  Table  1  for  comparison. 

The  rate  constants  obtained  are  quite  small  in  all  cases;  by 
comparison,  the  gas  kinetic  rate  constant  k  ( that  when  every 
collision  results  in  reaction)  is  given  by  the  formula 


w»  ■  fe)*  ■ 


=  2.  69  x  103  T1  cm  •  molec" 1  s  ec"1  (D  +  FH )  (6a) 
=  3.  71  x  103  T^  cm  •  molec"1  sec"1  (H  +  FD).  (6b) 
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Even  at  the  highest  temperatures  considered,  the  rate  constants 
are  five  to  seven  orders  of  magnitude  less  than  gas  kinetic.  Thus,  the 
large  barrier  and  the  resulting  large  threshold  for  reaction  produce 
small  rate  constants. 

The  activation  energies  E_  shown  in  Table  1  decrease  as  reagent 

A 

vibrational  excitation  is  increased.  The  lowering  of  the  activation  energy 
with  reagent  vibrational  excitation  is  less  than  the  amount  of  internal 
energy  in  the  vibrationally  excited  reagents,  however.  Recall  that  a 
similar  behavior  was  observed  for  the  lowering  of  the  threshold  energy 
with  reagent  vibrational  excitation.  The  decrease  in  activation  energy 
with  reagent  vibrational  excitations  is,  however,  greater  than  the 
corresponding  decrease  in  the  vibrationally  adiabatic  barrier  height. 

This  difference  can  be  explained  by  the  dominance  of  vibrationally  non- 
adiabatic  reaction  over  vibrationally  adiabatic  reaction  in  the  energy 
region  where  the  reaction  probabilities  are  small  (<  10“%  This  energy 
region  only  makes  a  substantial  contribution  to  the  integral  in  eq.  (5) 
at  fairly  low  temperatures. 

In  order  to  further  understand  the  applicability  of  the  one¬ 
dimensional  vibrationally  adiabatic  model,  we  have  calculated  trans¬ 
mission  coefficients  for  the  three  lowest  vibrationally  adiabatic  barriers 
for  reaction  (4a)  as  a  function  of  tr  a nslational  energy.  These  calcula¬ 
tions,  involving  a  numerical  solution  of  the  one-dimensional  SchrOdinger 
equation,  were  performed  with  the  method  described  by  Truhlar  and 
Kuppermann  [20].  We  then  used  these  transmission  coefficients  (equiv¬ 
alent  to  reaction  probabilities  in  the  coupled-channel  calculations)  to 
calculate  rate  constants  for  the  D  +  FH  (v  =  0, 1, 2)  reactions,  and  the 


results  (labeled  1MD  for  one  mathematical  dimension)  at  500°  K  and 
1000°  K  are  given  in  Table  1,  along  with  those  obtained  in  the  full  two 
mathematical  dimension  (2MD)  coupled-channel  calculation.  For 
comparison,  the  gas  kinetic  rate  constants  are  also  included. 

At  1000° K,  the  results  of  the  lMD  and  2MD  calculations  agree 
quite  well  (within  5%),  while  at  500° K,  the  agreement  is  less  satisfac¬ 
tory,  becoming  worse  as  one  goes  from  HF  (v  =  0)  to  HF  (v  =  2).  This 
lack  of  agreement  when  the  HF  reagent  is  vibrationally  excited  is  due 
to  the  above  mentioned  dominance  of  vibrationally  nonadiabatic  reactions 
at  low  translational  energies. 

The  usefulness  of  the  vibrationally  adiabatic  model  for  the  DFH 
system  makes  it  worthwhile  to  well  characterize  the  potential  energy 
surface  in  the  region  at  the  saddle  point;  in  particular,  accurate  values 
of  the  local  vibrational  frequencies  (i.  e. ,  the  symmetric  stretch  at  the 
saddle  point)  are  important,  as  these,  along  with  the  actual  barrier 
height  itself,  combine  to  give  the  vibrationally  adiabatic  correlation 
diagram  shown  in  fig.  2  and  found  to  be  so  useful. 

A  word  of  caution  must  be  expressed  concerning  the  applicability 
of  a  collinear  model  to  reactions  (4).  Ab  initio  calculations  by  Wadt 
and  Winter  [6]  suggest  that  the  lowest  barrier  to  exchange  occurs  not 
for  a  collinear  H-F-H  configuration,  but  rather  for  one  with  a  106° 
bond  angle,  and  further  that  the  barrier  height  is  nearly  independent  of 
the  bond  angle.  Thus,  it  appears  that  an  accurate  dynamical  treatment 
of  the  exchange  reaction  would  require  three  physical  dimensions  (3D). 

A  3D  calculation  on  this  system  would  have  the  advantage  of  allowing 
one  to  directly  compare  the  importance  of  the  abstraction  and  exchange 
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channels.  Such  a  calculation  would  require  a  good  semi-empirical 
potential  energy  surface  incorporating  a  large  barrier  to  exchange. 

A  method  for  constructing  such  a  surface  has  been  developed  by  Baer 
and  Last  [21],  and  has  been  applied  to  all  XH,  systems.  Their  FH, 
surface  has  a  reasonably  high  barrier  (33. 5  kcal/mole),  but  has  much 
stronger  dependence  of  the  barrier  height  on  the  H-X-H  bond  angle  than 
that  predicted  by  Wadt  and  Winter  [6]. 


v 


% 


% 


4.  Conclusions 


Reaction  probabilities  and  rate  constants  for  reactions  (4a)  and 
(4b)  have  been  obtained  on  a  realistic  potential  energy  surface  by  a 
collinear  quantum  mechanical  calculation.  Reaction  has  been  shown  to 
set  in  at  large  values  of  the  translational  energy  (>1  eV)  for  reagents 
in  their  first  three  vibrational  states.  Vibrational  excitation  has  been 
shown  to  promote  the  reaction,  although  the  decrease  in  the  activation 
energy  is  less  than  the  internal  energy  added  to  the  reagents  on  vibra¬ 
tional  excitation.  A  number  of  aspects  of  the  dynamics,  such  as  the 
translational  energy  threshold  for  reaction  and  the  importance  of  vibra- 
tionally  nonadiabatic  processes  near  the  threshold  region  for  reaction 
(4b),  have  been  shown  to  be  explained  by  use  of  vibrationally  adiabatic 
correlation  diagrams.  The  overall  rate  of  reaction  (4a)  has  been  shown 
to  be  reproduced  quite  well  at  high  temperatures  by  a  1MD  model  based 
on  these  vibrationally  adiabatic  correlation  diagrams.  The  results 
obtained  help  demonstrate  the  importance  of  an  accurate  knowledge  of 
the  potential  energy  surface  in  the  immediate  vicinity  of  the  saddle  point. 
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Table  2 

Rate  constants  for  the  reaction  D  +  FH(v)  —  DF(V  =  all)  in  units 
cm  •  molec"1sec_1 

T(°K)  v  =  0  v  =  1  v  =  2 


2MD 


500 

1.18  (-11) 

3.91  (-9) 

8.42  (-7) 

1000 

1.29  (-3) 

1.  61  (-2) 

1.  07  (-1) 

1MD 

500 

9. 80  (-12) 

1.43  (-9) 

8.28  (-8) 

1000 

1.23  (-3) 

1.57  (-2) 

1.07  (-1) 

Gas  Kinetic 

500 

6.  02 

6.  02  f4> 
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Figure  Captions 
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Figure  1.  Contour  plot  of  the  potential  energy  surface  for  the  reaction 
D  +  FH  —  DF  +  H  in  Delves  scaled  coordinates.  The  solid  curves  are 
equipotential  contours  at  the  total  energies  measured  with  respect  to 
the  bottom  of  the  HF  (DF)  wells.  The  dashed  line  is  the  minimum  energy 
path.  The  cross  indicates  the  location  of  the  saddle  point. 


Figure  2.  Vibrationally  adiabatic  correlation  diagram  for  the  reaction 
D  +  FH(v)  —  DF(V)  +  H,  v  =  0, 1, 2.  The  vertical  scale  is  an  energy 
scale.  The  lowest  curve  is  the  potential  energy  along  the  minimum 
energy  path  Vmep(s)  as  a  function  of  the  distance  s  along  the  minimum 
energy  path  from  the  saddle  point.  Positive  values  of  s  take  one  towards 
separated  D  +  FH,  negative  values  of  s  towards  DF  +  H.  The  higher 
curves  are  plots  as  a  function  of  s  of  the  potential  Vy(s)  defined  in  eq. 

(5)  of  the  text  for  v  =  0, 1,2. 

Figure  3.  Probabilities  Pp+FH(v)  of  the  reactions  D  +  FH(v)  — DF(v/  = 
all)  +  H  for  v  =  0,1,2  as  a  function  of  reagent  translational  energy  E  . 
The  solid  line  is  for  v  =  0,  the  dashed  line  is  for  v  =  1,  and  the  dotted 
line  is  for  v  =  2. 

Figure  4.  Probabilities  P^+FD(v)  of  the  reactions  H  +  FD(v)  —  HF(v/  = 
all)  +  D  for  v  *  0, 1, 2, 3  as  a  function  of  reagent  translational  energy  E^. 
The  solid  line  is  for  v  =  0,  the  dashed  line  is  for  v  =  1,  the  dotted  line 
is  for  v  =  2,  and  the  dashed  line  is  for  v  =  3. 

Figure  5.  State-to-state  reaction  probabilities  ph+fd(1)--hf(v'  )+D  of 

the  reaction  H  +  FD(v  =  1)  —  HF(v/ )  +  D  for  v7  =  0, 1, 2  as  a  function  of 

tr 

reagent  translational  energy  E  .  The  dashed  line  is  for  v7  =  0,  the 


solid  line  is  for  v*  =  1,  and  the  dotted  line  is  for  v  =  2.  While  the 
HF(V  =  3)  product  channel  is  energetically  accessible  in  this  energy 
range,  the  probability  of  reacting  into  it  is  less  than  1%  in  this  energy 
range,  and  is  not  shown. 


Figure  6.  Arrhenius  plot  of  rate  constants  for  the  reactions  D  +  FH(v)  - 
DF^  =  all)  +  H  (dashed  line)  and  H  +  FD(v)  -  HF(v,=  all)  +  D  (solid  line) 
over  a  temperature  range  from  450  to  1500°K.  Where  the  curves  are 
not  continued  to  the  highest  temperatures,  the  scattering  calculations 
were  not  carried  out  to  sufficiently  high  energy  for  the  integrand  in  eq. 

(6)  to  become  sufficiently  small,  (a)  H  +  FD(v  =  0),  (b)  D  +  FH  (v  =  0), 

(c)  H  +  FD  (v  =  1),  (d)  D  +  FH  (v  =  1),  (e)  H  +  FD  (v  =  2),  (f)  D  +  FH 
(v  =  2),  (g)  H  +  FD  (v  =  3).  j 
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HF(v)  +  H  and  HF(v)  +  D  on  a  Realistic  Potential  Energy  Surface.' 


Jack  A.  Kaye  ,  John  P.  Dwyer  ,  and  Aron  Kuppermann 
Arthur  Amos  Noyes  Laboratory  of  Chemical  Physics.  ^ 


California  Institute  of  Technology.  Pasadena,  California  91125 


(Received  ) 

The  rates  of  the  reactions  HF(v)  +  H  and  HF(v)  +  D  as  well  as 
those  of  processes  resulting  in  vibrational  deactivation  of  HF  have 
been  studied  by  collinear  quantum  mechanical  calculations  on  a 
realistic  potential  ene  rgy  surface .  The  surface  used  has  a 
40  kcal/mole  barrier  to  exchange,  far  greater  than  those  used  in 
previous  calculations  and  in  the  vicinity  of  that  suggested  by 
ab  initio  calculations  and  recent  experiments.  It  is  found  that 
vibrational  deactivation  of  H  F  in  this  exchange  channel  occurs 
almost  entirely  by  non-reactive  single -quantum  processes,  and 
the  rate  of  which  varies  weakly  with  reagent  vibrational  state. 

The  rate  of  chemical  reaction,  however,  is  enhanced  dramatical¬ 
ly  by  reagent  vibrational  excitation,  although  vibrational  energy 
lowers  the  threshhold  for  reaction  by  far  less  than  a  vibrational 
quantum  of  energy.  The  relationship  between  vibrational  and 
translational  energy  in  promoting  reaction  will  be  discussed,  as 
will  the  relationship  of  the  results  of  these  calculations  to 
experimental  data. 
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I.  INTRODUCTION 

A  knowledge  of  accurate  rate  constants  for  the  reactions  of  vibrational- 
ly  excited  hydrogen  fluoride  (HF)  molecules  with  those  atoms  and  mole¬ 
cules  present  in  the  HF  laser  system  (1)  (F^.  H2,  HF,  H,  F)  is  important 
if  one  is  to  accurately  model  the  system's  behavior.  In  the  HF  laser  sys¬ 
tem,  vibrationally  excited  HF  is  produced  by  one  of  the  highly  exoergic 
reactions  (2) 

F  +  H2  — »  HF(v<3)+H  (la) 

H  +  F2  — }  HF(v*10)  +  F  (lb) 

These  pumping  reactions  have  received  a  great  deal  of  attention,  both 
expe :  imentall y  (3)  and  theoretically  (4).  Of  the  deactivating  processes 
present  in  the  HF  laser,  the  best  studied  are  those  due  to  inelastic  col¬ 
lisions  of  vibrationally  excited  HF  with  other  diatomics  (ground  state  HF 
and  H  )  (5).  Collisions  of  vibrationally  excited  HF  and  H  or  F  atoms 

have  received  less  attention.  Among  the  few  studies  of  these  processes 
include  the  experiments  of  Bott  and  Heidner  (6)  and  Bartoszek,  et  al.  (7), 
and  the  quasi-classical  trajectory  calculations  of  TOlkins  (8),  Thompson 
(9),  and  Thommarson  and  Berend  (10).  Recently,  Schatz  and 
Kuppermann  (11)  have  studied  the  HF  +  H  system  (and  its  D- substitu¬ 
ted  counterparts)  via  a  collinear  quantum-mechanical  calculation, 
although  the  barrier  to  reaction  in  the  potential  energy  surface  used  in 
these  calculations  is  now  known  to  be  unreasonably  low.  Baer  (12) 
has  performed  a  coplanar  quantum  mechanical  calculation  on  the  HF 
H  reaction,  also  on  a  surface  with  an  unreasonably  low  barrier. 

In  this  paper,  we  report  the  results  of  collinear  quantum  mechanical 
calculations  on  the  systems  HF(v)  +  H  and  HF(v)  +  D.  We  consider  those 
processes,  both  reactive  and  non-reactive,  responsible  for  vibrational 
deactivation  of  HF,  which  may  be  represented  by  the  reactions 

HF(v)  +  H'  - >  HF(v')  +  H' 

- >  H  +  FH'(v" ) 


(2a) 

(2b) 
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HF(v)  +  D - »HF(v')+D  (3a) 

- >H  +  FD(vM)  (3b) 

The  potential  energy  surface  used  in  these  calculations  has  a  barrier  to 
exhange  of  40  kcal/mole.  This  is  in  line  with  recent  ab  initio  calculations 
(13)  as  well  as  the  definitive  experiments  of  Bartoszek,  et  al.  (7). 

No  attention  will  be  given  to  deactivating  processes  in  the  abstraction 
channel 

H'  +  HF(v) - »H2(v')  +  F  (4a) 

- )H'  +HF(v")  (4b) 

in  this  paper,  although  this  channel  is  likely  the  one  in  which  much  of  the 
deactivation  of  HF(vi3)  occurs. 

We  focus  in  this  work  on  the  relative  rates  of  vibrational  deactivation  as 


a  function  of  the  initial  state  of  the  HF  reagent,  the  fraction  of  deactivation 
occurring  by  reaction  (processes  2b  and  3b,  respectively  in  the  HFH  and 
DFH  systems),  the  relative  importance  of  single  and  multi-quantum  deacti¬ 
vating  processes,  and  the  relative  ef  fectiveness  of  translational  energy  in 
promoting  reaction. 

A  brief  outline  of  this  paper  is  as  follows.  In  section  2,  we  consider 
the  potential  energy  surface  used  in  these  calculations  and  the  reasons  for 
which  we  chose  to  use  it.  In  section  3,  we  very  briefly  discuss  some  of 
the  important  aspects  of  the  calculation.  In  section  4,  we  present  our  re¬ 
sults,  which  will  be  discussed  in  section  5.  In  section  6  we  summarize 


by  reviewing  their  significance. 


II.  POTENTIAL  ENERGY  SURFACE 


There  has  been  a  great  deal  of  interest  over  the  last  decade  in  deter¬ 
mining  the  nature  of  the  potential  energy  surface  for  reactions  2b  and  3b. 

A  large  number  of  semi-empirical  global  potential  energy  surfaces,  mainly 
of  the  extended  LEPS  type  (14),  have  been  developed  for  reaction  la  (15). 
The  parameters  for  these  surfaces  were  normally  chosen  to  maximize 
agreement  between  the  results  of  quasi- classical  trajectory  calculations 
and  experiments  on  reaction  la  (quantities  compared  are  usually  rate  con¬ 
stants  and  distributions  of  product  vibrational  and  rotational  states). 

Since  these  surfaces  are  global,  the  form  of  the  exchange  channel  is  de¬ 
termined  by  this  optimization  procedure  (which  has  taken  place  in  the 
abstraction  channel).-'  Most  of  these  surfaces  have  a  very  small  barrier  to 
exchange,  for  example  1.2  kcal/mole  for  the  well-known  Muckerman  V 
surface  (4d).  Such  low  barrier  surfaces  have  been  used  in  most  dynamical 
calculations  performed  so  far  on  reactions  2  and  3.  A  notable  exception  is 
the  calculation  done  by  Thompson  (9),  in  which  a  surface  with  a  barrier  to 
exchange  of  28.6  kcal/mole  was  used. 

Four  high  quality  ab  initio  calculations  on  the  potential  energy  surface 
of  reactions  2b  and  3b  yielded  barrier  heights  of  49.0  (13a),  44.9  (13b), 

47.6  (13c),  and  48.3  (13d)  kcal/mole,  however,  and  the  experiments  of 
Bartoszek,  et  al.  (7)  seem  to  securely  resolve  this  question  in  favor  of  a 
high  barrier  to  exchange.  In  this  calculation,  therefore,  we  use  a  potential 
energy  surface  with  a  barrier  to  exchange  of  40  kcal/mole,  which  seems  to 
be  within  the  range  of  uncertainty  of  the  ab  initio  calculations. 

The  potential  energy  surface  used  in  these  calculations  is  of  the  rota¬ 
ting  Morse-  cubic  spline  type  (16),  made  slightly  less  general  by  requiring 
that  the  potential  energy  along  the  minimum  energy  path  as  a  function  of 
the  angled  in  reference  16  to  be  given  by  a  Gaussian: 

D(0)  =  D(d=0)  -  (A  +  B*exp(-C*(ir/4  -$)2))  (5) 

The  parameters  have  values  A  =  0.01681  kcal/mole,  B  =  39.983  kcal/mole, 

and  C  =  33.879  radians  * .  0(8)  and  &  (8)  are  defined  in  reference  16,  and 

eq 


are  obtained  by  cubic  spline  interpolation  between  the  values  given  for 
the  supplied  points  listed  in  Table  1.  The  profile  of  the  barrier  height 
vs.  reaction  coordinate  (distance  along  the  minimum  energy  path  from 
the  saddle  point  as  calculated  in  Delves  mass- scaled  coordinates  (17)) 
for  H  +  FH  is  shown  in  figure  1,  along  with  the  asymptotic  eigenvalues  for 
HF  and  DF.  A  contour  plot  of  the  potential  energy  surface  for  H  +  FH 
in  Delves  coordinates  is  shown  in  figure  2. 


HI.  DETAILS  OF  THE  CALCULATION 


Numerical  solution  of  the  Schrodinger  equation  for  these  systems 
was  performed  using  the  coupled- channel  method  of  Kuppermann  (18), 
which  has  been  described  elsewhere.  This  technique  has  previously  been 
applied  to  a  number  of  systems,  including  H  +  and  its  isotopically 
substituted  analogues  (20),  F  +  (4d),  F  +  (21),  H  +  FH  (on  a  low 

barrier  surface)  (11),  and  Be  +  FH  (  22).  20  -  24  basis  functions  were  used 
in  the  calculation,  although  no  more  than  seven  were  open  asymptotically 
at  any  of  the  energies  studied. 

Reactions  2a  and  2b  were  studied  in  the  energy  range  up  to  2.94  eV 
above  the  zero-point  energy  of  HF,  while  reactions  3a  and  3b  were  studied 
up  to  2.45  eV  above  the  HF  zero-point  energy.  The  smaller  range  in  the 
latter  case  was  due  to  the  smaller  vibrational  requency  of  DF,  which  re¬ 
sults  in  more  open  channels  at  a  given  energy  than  in  the  HF  system 
(energy  levels  of  isolated  HF  and  DF  are  shown  in  figure  1).  In  all 
calculations  reported  her  Shut  was  conserved  to  better  than  3%;  for 
most  energies  it  was  conserved  to  better  than  1%. 

From  die  transition  probabilities  obtained  in  these  calculations, 
state -to- state  rate  constants  were  calculated  by  evaluating  the  usual 
integral 

k..(T)  =  (2ir/c  .  kTfl/Z  |  P..(Etr)exp(-Etr/kT)dEtr  (6) 

ij  'a,  be  J0  ij 

where  P. .  is  the  probability  for  the  transition  from  state  i  to  state  j, 
tr 

E  is  the  relative  translational  energy  of  the  collision,  and  /*• 

cl)  D 

reduced  mass  of  the  a,  be  collision  pair. 


is  the 


IV.  RESULTS 


We  have  obtained  information  on  many  aspects  of  the  dynamics  of  the 
collinear  HFH  and  DFH  systems  and  will  try  tc  present  some  of  the  most 
important  features  of  our  results  in  this  section.  In  particular,  we  will 
consider  in  this  section  and  the  ensuing  discussion  section  questions  such 
as  die  following: 

1) What  are  the  relative  rates  of  deactivation  of  the  vib rationally  ex¬ 

cited  HF,  and  how  do  they  vary  with  initial  reagent  excitation? 

2)  What  is  die  relative  importance  of  reactive  and  non- reactive  pro¬ 
cesses  ? 

3)  What  is  tibe  relative  importance  of  single  and  multi-quantum 
transitions  ? 

4)  How  do  all  of  these  quantities  vary  with  temperature? 

5)  How  do  the  roles  of  translational  and  vibrational  energy  in  promo¬ 
ting  reaction  compare  ? 

6)  How  do  the  results  obtained  for  non- reactive  processes  compare 
with  those  predicted  from  simple  models,  such  as  the  Landau- 
Teller  model  (23)? 

7)  'What  is  the  nature  and  magnitude  of  the  isotope  effect  on  going  from 

the  HFH  to  the  DFH  system  ? 

A.  H  +  FH 

Rates  for  state -to -state  vibrational  deactivation  have  been  calculated 
for  temperatures  in  the  range  200  K£Ti  1000  K.  Values  of  the  rate 
constants  at  three  temperatures  (300,  650,  1000  K)  are  contained  in 
Table  2.  For  purposes  of  comparison,  we  also  include  in  Table  2  the 
"gas  kinetic"  rates  for  the  H  +  FH  system  at  these  three  temperatures. 
This  rate  is  that  obtained  if  a  transition  occurred  with  unit  probability  at 
all  energies;  hence,  it  represents  the  sum  of  all  possible  state -to -state 
rate  constants  at  a  given  temperature.  It  is  seen  that  at  all  three  tempera¬ 
tures,  the  total  rates  of  deactivation  are  less  that  1%  of  the  gas  kinetic 
rate.  Thus,  vibrational  deactivation  is  a  very  unlikely  process. 
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We  display  total  rate  constants  for  vibrational  deactivation,  both 
reactive  and  non- reactive,  as  a  function  of  initial  HF  quantum  number 
in  figure  3.  Three  important  features  of  the  dynamics  are  clearly  evi¬ 
dent  on  this  plot: 

1)  For  all  initial  quantum  states  at  all  temperatures,  non- reactive 
deactivating  processes  are  much  more  likely  than  reactive  pro¬ 
cesses,  and  account  for,  to  a  good  degree  of  approximation,  all 
the  deactivating  processes. 

2)  The  variation  of  the  rate  of  deactivation  occurring  by  non- reactive 
processes  with  initial  HF  quantum  number  is  far  less  than  that  of 
the  reactive  processes. 

3)  The  variation  of  the  rate  of  deactivation  occurring  by  non-reactive 
processes  with  temperature  is  far  less  than  that  of  the  reactive 
processes. 

An  additional  difference  between  the  dynamics  of  deactivating  pro¬ 
cesses  in  non-reactive  collisions  from  those  occurring  in  reactive 
ones  may  be  seen  in  Table  2.  Specifically,  in  non-reactive  collisions, 
vibrational  deactivation  occurs  overwhelmingly  by  single -quantum 
transitions,  while  in  reactive  collisions,  deactivation  by  multi-quantum 
transitions  is  favored.  Further,  while  the  dominance  of  non-reactive 
deactivating  processes  by  single -quantum  transitions  occurs  over  the 
whole  temperature  range  considered,  in  reactive  deactivating  processes, 
as  temperature  increases,  the  single -quantum  processes  become  more 
important  than  they  are  at  lower  temperatures.  This  may  be  seen 

graphically  in  figure  4,  in  which  four  state -to- state  rate  constants 

N  N  R  R 

(k20  ’  k21  ’  k20  ’  k21  *  wllere  the  superscripts  N  and  R  refer  to 
non-reactive  and  reactive  processes,  respectively)  are  plotted  vs. 
temperature  as  Arrhenius  plots,  that  is.  In  k  vs.  i/T.  We  will  con¬ 
sider  in  some  detail  the  vibrational  state  distribution  of  the  products 
of  reactions  2b  and  3b  later  on. 

In  considering  the  temperature  dependence  of  the  rate  constants 
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obtained,  it  is  frequently  useful  to  make  Arrhenius  plots  (defined  above) 
of  the  rate  constants  as  a  function  of  temperature.  It  is  known  that  for  a 
wide  variety  of  chemical  reactions,  such  plots  yield  straight  lines,  al¬ 
though  curved  Arrhenius  plots  are  also  common  (24).  In  the  systems 
studied,  it  is  frequently  seen  that  Arrhenius  plots  for  state -to- state 
rate  constants  are  linear  at  high  temperatures  (>700  K),  but  are  non¬ 
linear  at  lower  temperatures.  Frequently,  they  have  linear  regions  at 
high  (700  -  1000  K)  and  low  temperatures  (200  -  400  K),  but  are  curved  in 
between. 

Reactions  yielding  linear  Arrhenius  plots  obey  the  relationship 

k  =  Aexp(-Ea/k^T)  (7) 

where  A  is  the  Arrhenius  pre -exponential  factor,  E^  is  the  activation 
energy  for  the  reaction,  and  is  Boltzmann's  constant.  These  quanti¬ 
ties  correspond  to  the  y  intercept  and  slope  of  the  Arrhenius  plots,  re¬ 
spectively.  For  ground  vibrational  state  reagents,  the  activation  energy 
of  a  reaction  is  usually  fairly  close  to  the  barrier  height  to  the  reaction 
in  the  potential  energy  surface;  when  the  reagents  are  vibrationally  exci¬ 
ted,  it  is  frequently  less.  We  examine  plots  of  activation  energies  vs. 
initial  quantum  states  for  n -quantum  non-reactive  and  reactive  deactiva¬ 
ting  processes  in  figures  5  and  6,  respectively. 

In  figure  5,  it  is  seen  that  there  is  no  well-defined  relationship 
between  the  activation  energies  for  the  non- reactive  processes  and 
reagent  vibrational  state.  There  does  seem  to  be  a  clear  difference  in 
the  magnitudes  of  the  activation  energies  for  deactivation  from  v  =  4  and 
5  and  those  from  v£3.  Further,  for  deactivation  from  the  higher  vibra¬ 
tional  state,  the  activation  increases  drastically  for  large  multi-quantum 
transitions.  Much  more  regular  (and  different)  behavior  is  observed  in 
figure  6,  in  which  we  consider  activation  energies  for  reactive  deactiva¬ 
ting  processes.  In  this  case,  one  may  clearly  see  that  the  activation 
energies  decrease  substantially  with  reagent  vibrational  excitation,  and 
in  general,  decrease  as  one  goes  from  single -quantum  to  multi-quantum 
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transitions.  This  is  another  example  of  differing  dynamics  between  non¬ 
reactive  and  reactive  collisions.  This  subject  will  be  further  explored 
later  on. 


Because  of  the  large  barrier  to  exchange  (40  kcal/mole)  in  the 
potential  energy  surface  used  in  these  calculations,  it  is  reasonable  that 
reaction  should  only  occur  at  high  translational  energies.  This  may  be  e 
easily  seen  in  figure  7,  in  which  the  total  probability  of  reaction  is 
plotted  vs.  translational  energy  for  initial  reagent  vibrational  states 
v  =  0-3.  Reaction  becomes  appreciable  at  successively  smaller  values  of 
the  translational  energy  as  the  vibrational  level  of  the  HF  reagent  is 
increased.  The  decrease  in  translational  energy  requirement  for  reac¬ 
tion  threshhold  is  in  the  vicinity  of  0. 15  -  0.20  eV  per  vibrational  quantum, 
which  is  substantially  smaller  than  the  vibrational  quantum  of  0.45  -  0.49 
eV.  This  difference  will  be  considered  more  fully  later.  It  is  also 
evident  that  as  the  initial  HF  vibrational  state  is  increased,  the  probability 
for  reaction  vs.  translational  energy  curve  becomes  more  irregular,  not 
increasing  smoothly  to  one  as  the  v  =  0  curve  does. 

In  studying  the  dynamics  of  the  reactive  processes  in  general,  it  is 
worthwhile  to  consider  the  distribution  of  product  vibrational  states,  for 
deactivating,  vib rationally  adiabatic  (involving  no  change  in  quantum 
number)  and  exciting  (involving  an  increase  in  the  quantum  number)  pro¬ 
cesses.  We  consider  some  of  these  distributions  for  the  HF  reagent  in 
its  v  =  1  and  v  =  2  states  at  differing  translational  energies  in  figures 


8  and  9,  respectively.  In  these  figures,  the  product  state  distribution  is 
given  in  terms  of  F  ,  ,  the  fraction  of  reaction  products  going  into  the 


product  state  v' 


(8) 


where  v  is  the  maximum  quantum  number  permitted  by  energy  con- 
max 

servation.  It  is  seen  that  at  lower  translational  energies  (but  high  enough 


% 


-12- 


./ 


for  a  large  probability  for  reaction),  vib rationally  adiabatic  reaction  is 
far  more  likely  to  occur  than  either  deactivating  or  exciting  reaction. 
This  preference  for  vibrational  adiabaticity  decreases  as  translational 
energy  increases.  At  the  highest  translational  energies  considered,  the 
distribution  of  product  states  is  fairly  flat  for  v  =  2  reagent  and  shows 
some  evidence  of  bimodality  for  v  =  1  reagent. 

One  good  measure  of  the  distribution  of  product  states  is  the  average 
fraction  of  available  energy  going  into  product  vibration,  which  is  defined 
by  the  formula 


where  energies  are  measured  with  respect  to  the  bottom  of  the  product 
well.  This  quantity  is  displayed  in  figure  10  for  the  H  +  FH(v£3)  reac¬ 
tions.  No  data  are  presented  for  the  v=  4  and  5  initial  reagent  states 
because  the  calculations  were  not  carried  out  to  sufficiently  high  energy 
for  there  to  be  appreciable  reaction.  Lines  are  drawn  to  represent  the 
value  this  quantity  would  have  if  all  reactions  proceeded  adiabatically 
(with  no  change  of  quantum  number).  For  v  =  0  and  v  -  1  reagents,  at 
low  translational  energies  (but  still  high  eneough  for  appreciable  reac¬ 
tion),  this  quantity  is  fairly  close  to  that  expected  if  all  reaction  pro¬ 
ceeded  adiabatically,  but  at  higher  translational  energies,  it  increases. 
Thus,  at  high  translational  energies,  vibrational  excitation  is  more  likely 
than  deactivation  in  reactive  collisions.  For  v  =  2  and  v  =  3  reagents, 
the  calculated  points  lie  below  the  lines;  hence,  in  the  energy  range  con¬ 
sidered,  the  net  effect  of  the  reactive  collisions  is  a  deactivating  one. 

B.  D  +  FH 

In  considering  the  deactivation  processes  in  this  system,  we  have 
elected  to  look  mainly  at  the  processes  which  represent  deactivation  in 
a&  "absolute  quantum  number"  sense,  that  is,  for  reactive  deactivating 
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processes,  onlv  those  of  the  type 

D  +  FH(v)  ■ 


DF(v'<  v)  i-H 
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Due  to  the  smaller  vibrational  energy  spacing  in  DF  than  in  HF,  it  is 
possible,  as  may  be  seen  from  figure  1,  for  some  DF(v)  levels  to  ac¬ 
tually  have  less  internal  energy  than  some  HF(v-n)  level,  where  n  is  an 
integer  that  is  0  for  v  =  0,  1,  2,  3,  1  for  v  =  4,  and  which  increases  ir¬ 
regularly  with  v  thereafter.  Further,  since  all  vibrationally  adiabatic 
reactions  of  the  type  3b  (where  v"  =  v)  have  the  DF  product  containing 
less  internal  energy  than  the  reagent  HF,  they  might  be  defined  as  de¬ 
activating  processes  in  the  "strict  energetic"  sense. 

State -to -state  rate  constants  for  the  deactivating  processes  4a  and  4b 
are  given  in  Table  3,  at  300,  650,  and  1000  K  along  with  the  correspon¬ 
ding  gas  kinetic  rate  constants.  Again,  the  overwhelming  dominance  of 
non-reactive  processes  (and  single -quantum  deactivating  ones)  is  seen. 

A  few  reactive  processes  not  satisfying  the  strict  quantum  number  defi¬ 
nition  for  deactivation  are  also  included  in  Table  3.  These  processes 
become  more  important  relative  to  the  total  set  of  reactive  deactivating 
processes  as  temperature  increases.  As  in  the  H  +  FH  case,  the  net 
contribution  of  reactive  processes  to  the  total  deactivation  of  vibrational¬ 
ly  excited  HF  may  be  neglected. 

On  the  whole,  the  deactivation  rates  for  HF  by  collisions  with  D  is 
smaller  than  that  for  deactivation  by  H.  Some  of  this  difference  is  to  be 
expected  by  consideration  of  the  gas  kinetic  rate  constants,  which  are 
related  by  the  expression 
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(the  superscript  GK  refers  to  gas  kinetic);  the  magnitude  of  the  dif¬ 
ference  observed  is  greater  than  this,  however. 

Because  of  the  similarity  between  the  dynamics  of  the  non-reactive 
deactivating  processes  in  the  H  +  FH  and  D  +  FH  systems,  we  will  focus 
our  attention  on  the  reactive  ones,  particularly  because  the  se  are  most 
easily  amenable  to  experimental  study.  We  first  consider  the  total  proba- 
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bility  for  reaction  as  a  function  of  translational  energy  for  initial  HF 
states  v  =  0,  1,  2.  This  is  plotted  in  figure  11  in  a  manner  analogous  to 
that  used  in  figure  7  for  the  H  +  FH  system.  We  see  large  tresholds, 
very  similar  in  magnitude  to  those  observed  in  the  H  +  FH  case.  The 
spacings  between  the  curves  are  on  the  order  of  0. 15  and  0.22  eV  be¬ 
tween  the  v  =  1  and  2  and  the  v  =  0  and  1  curves.  This  is  very  close  to 
the  0. 15  -  0.20  eV  spacings  observed  in  the  H  +  FH  system.  One  dif¬ 
ference  between  the  two  systems  is  that  the  reaction  probabilities  seem 
to  rise  more  smoothly  to  one  (and  to  stay  there)  for  reagent  states 
v  =  1  and  2  in  D  +  FH(v)  collisions  than  in  the  corresponding  H  +  FH 
ones. 

Wehave  also  examined  the  distribution  of  product  (DF)  vibrational 
states  for  initial  reagent  states  HF(v  =  1,  2)  at  a  few  translational  ener¬ 
gies,  some  of  which  were  the  same  as  in  the  corresponding  H  +  FH 
cases.  These  are  shown  in  figures  12  and  13  for  v  =  1  and  2,  respec¬ 
tively.  It  is  observed  that  there  is  slightly  less  tendency  towards  vib¬ 
rational  adiabaticity  than  in  H  +  FH.  As  in  the  H  +  FH  case,  the  product 
distribution  broadens  as  one  goes  to  higher  translational  energies,  and 
there  is  some  evidence  for  bimodality  in  the  distribution  at  high  energies. 

Finally,  w  have  calculated  the  average  fraction  of  product  energy 
going  into  vibration.  This  is  displayed  in  figure  14  for  HF  initial 
states  v  =  0,  1,  2  (this  is  analogous  to  figure  10  for  H  +  FH).  Again, 
lines  are  drawn  through  the  points  representing  the  value  of  <fv>  if 
the  reaction  proceeded  adiabatic  ally.  Since  the  DF  vibrational  spacing 
is  smaller  than  that  of  HF,  ( for  the  D  +  FH  reaction  should  be 
smaller  than  for  the  H  +  FH  one.  By  comparing  figures  10  and  14,  it 
can  be  seen  that  this  is  indeed  the  case. 


V.  DISCUSSION 


The  overwhelming  dominance  of  non-reactive  processes  in  accoun¬ 
ting  for  vibrational  deactivation  of  HF  in  collisions  with  H  and  D  atoms 
in  the  exchange  channel  makes  it  useful  to  discuss  the  non-reactive 
processes  separately  from  the  reactive  ones.  Also,  we  have  shown 
that  the  dynamics  of  the  reactive  and  non-reactive  processes  are  very 
different  (for  example  in  their  preference  for  single  or  multi-quantum 
transitions,  and  in  their  activation  energies).  We  will  consider  first  the 
nan-reactive  deactivating  processes,  focusing  on  die  variation  of  the 
deactivation  rate  with  reagent  vibrational  state  and  the  degree  to  which 
the  calculated  deactivation  rates  obey  predictions  of  the  approximate 
Landau-Teller  theory.  We  will  then  consider  the  reactive  processes, 
particularly  the  relative  ability  of  translational  and  vibrational  energy 
to  promote  reaction.  We  will  also  examine  the  results  of  our  calcula¬ 
tions  in  the  light  of  experimental  studies  of  the  vibrational  deactivation 
of  HF  by  H  and  D  atoms  to  show  that  deactivation  of  HF(v=l,  2,  3)  must 
be  dominated  by  processes  occurring  in  the  abstraction  channel  4. 

A.  NON -REACTIVE  PROCESSES 

The  calculations  show  that,  in  general,  the  rate  of  vibrational  de¬ 
activation  increases  as  reagent  vibrational  excitation  increases.  This 
is  true  for  HF(v=l,  2,  3)  +  H  and  D.  In  the  HF(v=4,  5)  +  H  cases  one 
does  see  lower  deactivation  rates  than  for  HF(v=3)  +  H,  although  the 
decrease  becomes  smaller  at  higher  temperatures.  Because  of  the 
large  barrier  to  exchange  present  in  the  potential  energy  surface,  it 
may  be  reasonable  to  consider  whether  the  key  features  in  the  results 
obtained  here  might  have  been  obtained  by  a  model  based  on  a  purely 
non- reactive  system,  i.e.  one  in  which  reactions  2b  and  3b  cannot 
occur. 

Such  a  model  is  the  Landau-Teller  model  (described  in  reference 
23)  for  energy  transfer  in  non- reactive  collisions.  The  chief  predic¬ 
tions  of  this  model  (that  of  a  collision  of  a  particle  with  a  harmonic 


oscillator  governed  by  a  repulsive  exponential  potential) 
are  as  follows: 

1)  All  deactivations  occur  by  single  quantum  transitions. 

2)  The  rate  constants  for  deactivating  processes  between  different 
vibrational  levels  are  related  to  the  1  -4  0  deactivation  rates 


by  the  expression 


.N 

k  =  vk 


v,  v-1  1,0 

3)  The  rate  constant  for  the  deactivating  process  is  related  to  the 
temperature  T  by  die  expression: 


v,  v-1 


=  A  -  BT 


where 


B  =  3 


where yU.  is  the  reduced  mass  of  the  collision  partners,  V  is  the 

vibrational  frequency  of  the  harmonic  oscillator,  and  a  is  related 

to  the  steepness  of  the  assumed  exponential  interaction  potential 

V(r)  =  V  exp(-arr) 
o 

where  r  is  the  distance  from  the  center  of  mass  of  the  harmonic 


oscillator  to  that  of  the  second  particle. 

N 
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T  )  for  H  +  FH 


and  D  +  FH  are  shown  in  figures  15  and  16,  respectively.  The  plots 
are  all  reasonably  linear  (meaning  equation  13  is  approximately 
obeyed  by  the  data),  especially  at  lower  temperatures.  Further,  the 
slopes  of  the  v  =  1,  2,  3  curves  for  H  +  FH  are  all  roughly  the  same, 
as  are  those  for  the  v  =  4  and  5  curves  for  HF  and  those  for  v  =  1,  2,  3 
for  D  +  FH.  The  major  deviation  in  behavior  from  that  predicted  by 
Landau-Teller  theory,  then,  is  the  smaller  value  of  the  rate  constants 
for  deactivation  from  v  =  4  and  5  in  H  +  FH(v)  collisions,  and  the  dif¬ 
ferent  slope  from  the  v  =  1,  2,  3  curves  (notice  that  according  to  eq.  13 
the  slope  of  the  Landau-Teller  plot  should  be  independent  of  the  ini¬ 
tial  vibrational  state). 


The  effect  of  substituting  D  for  H  as  one  of  the  collision  partners 
may  also  be  examined  in  light  of  the  pre  dictions  of  the  Landau- Teller 
model.  From  equation  13,  one  sees  that  the  slope  of  the  Landau-Tel¬ 
ler  plot  should  be  proportional  to  the  one-third  power  of  the  reduced 
mass  of  the  collision.  Since  this  mass  for  D  +  FH  is  roughly  twice  its 

value  for  H  +  FH,  the  slopes  for  D  +  FH  deactivations  should  be  great- 

1  /3 

er  than  for  H  +  FH  deactivations  by  a  factor  of  2  or  roughly  5/4. 

It  is  difficult  to  calculate  exact  ratios  of  slopes  due  to  the  non-linearity 
in  the  Landau-Teller  plots  in  figures  15  and  16  at  high  temperature. 
Using  crude  estimates,  however,  one  can  find  that  the  slopes  are  in¬ 
deed  greater  for  the  D  +  FH  deactivations  than  for  H  +  FH  by  a  number 
that  varies  between  20%  and  45%.  Thus,  the  Landau-Teller  model  does 
predict  the  general  behavior  and  magnitude  of  the  effect  of  isotopic  sub¬ 
stitution  on  the  temperature  dependence  of  the  single -quantum  non¬ 
reactive  deactivating  processes. 

The  main  failing  of  the  Landau-Teller  theory,  then,  is  its  inability 

to  predict  the  difference  in  the  temperature  dependence  and  thus  the 

N  N 

magnitude  of  the  rate  constants  k  ^  k  .  It  is  tempting  to  attri¬ 
bute  this  failing  to  the  fact  that  the  total  vibrational  energy  associated 
with  the  v  =  4  and  5  levels  is  greater  than  the  40  kcal/mole  barrier. 
Since  there  is  always  sufficient  energy  in  collisions  involving  these 
states  to  overcome  the  classical  barrier,  one  might  expect  different  dy¬ 
namics  than  in  cases  (i.e.  vj£3)  where  a  substantial  amount  of  transla¬ 
tional  energy  is  needed.  There  is  no  strong  evidence  for  this  interpre¬ 
tation,  however. 

One  might  be  able  to  verify  such  a  hypothesis  by  reducing  the  barrie 
height  of  the  surface  somewhat  such  that  it  is  between  the  v  =  2  and 
v  =  3  levels.  In  that  case,  one  might  expect  different  dynamics  in  col¬ 
lisions  involving  HF(v  =  2)  and  HF(v  =  3).  We  have  carried  out  scat¬ 
tering  calculations  for  this  reaction  on  a  variety  of  surfaces  with  re¬ 
duced  barriers  (25)  but  otherwise  identical  to  that  used  here  (the  para- 
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meters  A,  B,  and  C  defined  in  eq.  5  giving  the  energy  along  the  minimum 

energy  path  as  a  function  of  the  angled  differ;  the  functions  1  {$)  and 

eq 

P(8)  as  defined  in  ref.  16  are  identical),  and  will  conduct  similar  Lan¬ 
dau-Teller  analyses  of  the  dynamics  on  those  surfaces. 

A  dynamical  reason  for  this  difference  might  be  observable  in  colli - 
near  quasi-classical  trajectory  calculations.  However,  the  small  frac¬ 
tion  of  collisions  re  stilting  in  vibrational  deactivation  might  make  such 
a  study  difficult. 

B.  REACTIVE  PROCESSES 

As  has  been  mentioned  repeatedly,  the  net  contribution  of  reactive 
processes  to  vibrational  deactivation  is  essentially  negligible  over  the 
temperature  range  studied.  Thus,  the  interest  in  reactive  processes 
centers  around  the  effect  of  reagent  vibrational  excitation  on  reaction 
rate  and  the  distribution  of  product  vibrational  states.  For  reaction 
3b  both  of  these  quantities  should  be  fairly  easily  accessible  to  experi¬ 
mental  study  (the  experiments  of  Bartoszek,  et  al.  (7)  included  a  study 
of  die  former). 

From  table  2  and  figure  3,  the  enhancement  in  the  rate  of  reaction 
with  vibrational  excitation  for  reaction  2b  is  clear;  table  3  similarly 
shows  the  effect  for  reaction  3b.  For  reaction  2b  at  300  K,  for  exam¬ 
ple,  the  relative  rates  of  reaction  for  v  =  1,  2,  3,  4,  5  are  approximately 
1:10^:10^:10^:10^.  In  spite  of  this  large  vibrational  enhancement, 
we  can  show  that  the  efficiency  of  vibrational  excitation  in  promoting 
reaction  is  quite  small.  This  can  be  seen  in  a  variety  of  ways. 

First,  one  may  consider  the  threshold  energy  for  reaction.  We  de¬ 
fine  this  quantity  as  the  translational  energy  at  which  the  probability 
for  vibrationally  adiabatic  reaction  first  reaches  0.01.  This  quantity 
is  plotted  as  a  function  of  vibrational  energy  in  figure  17  for  both  reac 
tions  2b  (for  v  =  0,  1,  2,  3,  4)  and  3b  (for  v  =  0,  1,  2,  3).  If  vibrational 
energy  and  translational  energy  were  equally  effective  in  promoting  re> 
action,  the  lines  in  figure  17  would  have  slopes  of  -1,  as  the  total 


energy  threshold  for  reaction  would  be  independent  of  reagent  vibra¬ 
tional  state.  Instead,  the  curves  are  non-linear,  although  they  can  be 
fairly  well  approximated  by  straight  lines  whose  slopes  are  approxi- 
matley  -0.31  for  reaction  2b  and  -0.36  for  reaction  3b.  Thus,  only 
some  1/3  of  die  vibrational  energy  goes  towards  promoting  reaction. 

This  fact  ean  also  be  seen  in  the  plots  of  total  reaction  probabilitv  vs. 
translational  energy  for  reactions  2b  and  3b  (figures  7  and  11,  apec- 
tively)  in  which  it  is  seen  that  each  quantum  of  reagent  excitatio.  >wers 
the  region  of  rapid  increase  of  probability  with  translational  enc  •  by  only 
0. 15  -  0.20  eV,  less  than  half  the  vibrational  spacing  of  HF  of  0  '  - 

0.  50  eV.  This  inefficiency  of  vibrational  energy  is  also  seen  in  figure 
6,  in  which  even  in  the  v  =  5  state,  where  the  reagent  has  some  2.4  eV 
of  vibrational  energy  above  the  zero-point  energy,  the  activation 
energies  for  reaction  2b  may  be  as  high  as  13  kcal/mole.  Since  this 
amount  of  vibrational  energy  is  far  in  excess  of  the  40  kcal/mole  classi¬ 
cal  barrier  height,  one  can  see  that  vibrational  energy  is  not  entirely 
useful  in  promoting  reaction. 

In  comparing  threshold  energies  for  different  reagent  vibrational 
states,  it  is  important  not  to  neglect  the  contributions  of  the  vibrational 
energies  for  the  H--F--H  configuration  occurring  at  the  saddle  point 
(R*  ,  r^)  on  the  potential  energy  surface.  Because  the  surface  does 
not  appreciably  widen  near  the  saddle  point  region  these  energies 
will  be  fairly  large,  and  thus  the  vibrationally  adiabatic  barrier  height 
AV*,  defined  by  the  expression 

AV*  =  E(R*,r*)  -  E  (R  =•*)  (15) 

v  v  v 

will  decrease  only  gradually  vdth.  increasing  v. 

Wehave  calculated  the  AV*  for  reaction  2b,  and  plotted  the  reac- 

v 

tion  threshold  vs.  them  in  figure  18.  The  resulting  plot  is  approxi¬ 
mately  linear  with  a  slope  of  0.8.  Thus,  as  the  reagent  vibrational 
state  is  increased  (decreasing  AV  *  ),  the  reaction  threshold  does  not 
decrease  as  quickly  as  AV  T  ,  although  the  two  decreases  are  fairly 


close  in  magnitude.  Thus,  much  of  the  inefficiency  of  vibrational  ex¬ 
citation  in  producing  reaction  is  due  to  the  persistence  of  a  large  vibra- 
tionally  adiabatic  barrier  height  to  large  quantum  numbers.  Because 
the  vibrationally  adiabatic  barrier  heights  can  be  expected  to  be  slight¬ 
ly  smaller  for  reaction  3b  than  for  2b  due  to  the  heavier  O  atom  being 
substituted  for  one  of  the  H  atoms  at  the  saddle  point,  vibrational  ener¬ 
gy  should  be  slightly  more  effective  at  promoting  reaction  3b  than  2b. 
This  is  observed  in  figure  15,  where  the  slope  of  the  threshold  energy 
vs.  vibrational  energy  curve  is  some  10%  higher  for  reaction  3b  than 
for  2b. 

This  feature  of  the  dynamics  might  be  particularly  sensitive  to  the 
exact  nature  of  the  potential  energy  surface  near  the  saddle  point,  as 
a  smaller  vibrational  frequency  at  the  saddle  point  veo  uld  decrease  AV* 
thus  increasing  the  efficiency  of  vibrational  energy  in  promoting  reac¬ 
tion.  Similarly,  increased  curvature  in  the  minimum  energy  path  pro¬ 
duced,  for  example,  by  moving  the  saddle  point  to  large  values  of  ^F* 
might  better  couple  translational  and  vibrational  energy,  thus  leading  to 
increased  efficiency  of  reagent  vibrational  excitation. 

C.  RELATIONSHIP  TO  EXPERIMENT 

In  analyzing  the  vibrational  deactivation  of  HF  by  H  and  D,  one  must 
be  careful  in  relating  the  results  of  collinear  quantum  mechanical  cal¬ 
culations  to  experiment.  The  calculations  reported  here  do  not  include 
the  abstraction  channel,  which  may  be  where  most  of  the  deactivation 
occurs,  and  include  only  the  collinear  portion  of  the  exchange  channel, 
possibly  eliminating  important  non-collinear  reactions  of  the  overall 
potential  energy  surface.  We  will  attempt  in  what  follows  to  deal  with 
these  two  limitations. 

The  experiments  most  relevant  to  the  study  of  HF  vibrational  de¬ 
activation  by  H  and  D  atoms  are  those  of  Bartoszek,  et  al.  (7)  and  of 
Bott  and  Heidner  (  6)  .  Additional  experiments  have  been  performed  by 
Quigley  and  Wolga  (26).  Bartoszek,  et  al.  (7)  showed  that  DF  forma- 
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tion  via  the  reaction  3b  only  becomes  appreciable  when  the  initial  vibra¬ 
tional  state  of  HF  was  five  or  greater.  They  also  showed  that  disappear¬ 
ance  of  HF(v  =  3,  4)  was  due  to  the  abstraction  reaction  (the  D  analogue 
of  reaction  4a).  In  their  kinetic  work,  Bott  and  Heidner  (6)  found  rela¬ 
tive  rate  constants  for  removal  of  HF(V  =  1,  2,  3)  by  collision  with  H 
atoms  of 1:4:400,  and  determined  that  the  abstraction  reaction  4a  can 
contribute  only  some  20%  of  the  observed  removal  rate  of  HF(v  =  3)  at 
295  K.  This  latter  result  seems  to  contradict  that  of  Bartoszek,  et  al. 
(7),  who  relate  the  increase  in  deactivation  of  HF(v  =  3)  by  D  atoms  to 
the  opening  up  of  the  abstraction  channel. 

In  our  calculations  in  the  exchange  channel,  we  see  nothing  remotely 
resembling  the  1:4:400  ratio  for  deactivation  of  HF(v  =  1,  2,  3)  by  H 
atoms  observed  by  Bott  and  Heidner  (6).  Instead,  as  mentioned  earlier, 
the  deactivation  rate  increases  nearly  linearly  with  reagent  vibrational 
state  for  v<.3.  Unless  these  results  were  to  change  drastically  on 
going  to  a  full  three-dimensional  calculation,  it  seems  reasonable  to 
attribute  the  results  of  Bott  and  Heidner  (6)  to  deactivating  processes 
occurring  in  the  abstraction  channel.  Our  rate  constants  for  reactions 
2b  and  3b  do  show  a  very  dramatic  increase  with  reagent  vibrational 
excitation,  and  support  the  interpretation  of  Bartoszek,  et  al.  (7)  that 
the  barrier  to  exchange  for  reactions  2b  and  3b  must  be  large  (over 
40  kcal/mole). 

The  usefulness  of  the  calculations  for  reactions  2b  and  3b  depends 
to  some  extent  on  the  accuracy  of  the  potential  energy  surface,  and  in 
parti cular,  the  requirement  of  collinearity  implicit  in  these  calculations. 
"While  it  has  long  been  assumed  that  the  transition  states  for  the  ex¬ 
change  reactions  2b  and  3b  are  collinear,  ab  initio  calculations  (13c) 
suggest  that  the  transition  state  should  instead  have  an  HFH  angle  of 
106°,  although  the  height  of  the  barrier  should  be  relatively  insensitive 
to  that  angle,  increasing  from  47.  1  kcal/mole  at  106°  to  47.6  kcal/mole 
at  180®.  Including  these  non-collinear  configurations  could  easily  in- 


fluence  the  observed  dynamics  of  the  e- -hange  reactions. 

Further,  the  exact  form  of  the  potential  energy  surface  used  here 
was  chosen  mainly  for  its  flexibility.  There  is  no  reason  to  believe 
that  the  appearance  of  the  minimum  energy  path  is  exactly  that  shown 
in  figures  1  and  2;  in  fact,  it  is  quite  possible  that  the  40  kcal/mole 
barrier  is  a  few  kcal/mole  less  than  the  correct  one,  and  that  the 
position  of  the  saddle  point  used  (R„_  =  1.97  5  bohr)  is  smaller  than 

XiX 

the  correct  value  (for  example,  Bender,  Garrison,  and  Schaefer  (13a) 
calculated  it  to  occur  at  2. 15  bohr).  Thus,  the  results  obtained  for  the 
exchange  reactions  should  not  be  taken  to  be  more  than  qualitatively 
correct. 


VI.  CONCLUSIONS 
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'We  have  studied  on  a  realistic  (high  barrier)  potential  energy 
surface  the  dynamics  of  vibrational  deactivation  of  HF  in  collision  with 
H  and  D  atoms  in  the  exchange  channel  and  also  the  dynamics  of  the 
H  +  FH  and  HF  +  D  exchange  reactions.  The  important  features  of  the 
dynamics  are  as  follows: 

1)  Vibrational  deactivation  in  the  exchange  channel  occurs  almost 
entirely  by  single -quantum,  non-reactive  processes.  The  rate 
of  this  deactivation  varies  only  weakly  with  temperature,  and,  in 
general,  increases  weakly  with  reagent  vibrational  excitation. 

The  overall  dynamics  of  the  deactivation  processes  are  in  line 
with  the  predictions  of  Landau- Teller  theory. 

2)  The  rate  of  the  exchange  reactions  is  increased  dramatically  by 
reagent  vibrational  excitation,  although  the  effective  lowering 
of  the  threshold  to  reaction  is  less  than  half  the  extra  energy 
associated  with  each  vibrational  quantum.  Rates  of  exchange 
reactions  are  characterized  by  large  temperature  dependences, 
and  at  high  translational  energies,  broad  product  state  distribu¬ 
tions.  The  relative  inefficiency  of  vibrational  energy  in  promoting 
reaction  can  be  related  to  die  large  symmetric  stretch  vibrational 
frequency  at  the  H--F--H  saddle  point,  resulting  in  a  vibra- 
tionally  adiabatic  barrier  height  which  decreases  only  weakly 

with  an  increase  in  the  reagent  vibrational  quantum  number. 

3)  The  relationship  of  the  calculated  results  to  experimental  ones 

on  these  systems  is  complicated  because  of  the  collinear  nature  of 
the  theory;  nevertheless,  the  results  do  support  interpretations 
that  the  deactivation  of  HF(v<k3)  by  H  atoms  must  be  occurring 
by  processes  in  the  abstraction  channel  and  also  support  interpreta¬ 
tions  of  experimental  results  that  the  barrier  to  exchange  is  quite 
high  {>  40  kcal/mole). 


A  fuller  under  standing  of  the  dynamics  in  this  system  awaits  a 
study  of  the  dynamics  of  the  abstraction  channel  (preliminary  work  on 
the  H  +  HF  system  has  been  performed  (27)  )  and  the  relation  of  the 
results  of  the  two  channels  by  some  technique  (i.e.  information  theoretic 
one  dimensional  to  three  dimensional  transformation  (28)  ).  Finally, 
additional  information  from  ab  initio  calculations  on  the  potential  energy 
surface  for  the  exchange  calculation  would  be  useful  in  insuring  a  more 
accurate  description  of  the  saddle  point  region. 
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Table  2.  Selected  State -to -State  and  Summed  Deactivation  Rate 
Constants  for  the  Processes  HF(v)  +  H'  HF(v' <  ▼)  +  H'  (NR) 

and  HF(v)  +  H’  — ♦  H  +  FH'(v’  <v)  (R) 

*  -1-1 
All  rate  constants  are  in  units  of  cm *m ole  cole  *iec 


T  * 

300  K 

T  = 

650  K 

T  =  1000  K 

V— v’ 

NR 

R 

NR 

R 

NR 

R 

1 

0 

1.185(2) 

4. 1 20  (— 16) 

2.065(2) 

1.821(-7) 

2.782(2) 

3.768<-4) 

2 

0 

2.854(0) 

5. 172(-10) 

4.192(0) 

5.392(-5) 

5.437(0) 

5.097(-3) 

2 

1 

1. 189(2) 

7.983(-13) 

2.657(2) 

2. 1 08 ( —  5 ) 

3.780(2) 

1 . 640(-2) 

3 

0 

1.082(-1) 

1. 195(-4) 

1.741(-1) 

3. 198(— 3) 

2.210(-1) 

2.50K-2) 

3 

1 

6.322(0) 

3.548(-7) 

1.098(1) 

1. 957(-3) 

1.549(1) 

9.  5C2(-2) 

3 

2 

3.992(2) 

8. 586(-9) 

5.552(2) 

5.454(-4) 

7.412(2) 

1.7  06  <  —  1 ) 

4 

0 

1. 546(-3) 

3.705(-3) 

5.  533(-3) 

1.522(-2) 

2. 5l6<-2) 

8. 998(-2) 

4 

1 

1 . 849(—  1 ) 

1.649(-2) 

4. 567 (-1) 

1.226(-1) 

8 . 098(  - 1 ) 

4. 982( — 1 ) 

4 

2 

5.746(0) 

8.  555(— 5) 

1.612(1) 

3. 034(-2) 

2.595(1) 

7 . 08  Z ( —  1 ) 

4 

3 

6.039(1) 

2. 946  (-6) 

2.621(2) 

4. 648(-3) 

5.269(2) 

6.205(-l) 

5 

0 

6.393(-4) 

1. 625(-2) 

5.211(-3) 

7.784(-2) 

3.764(-2) 

3. 378(- 1 ) 

5 

1 

1.727(-2) 

1.045(-1) 

6. 570(-2) 

3.626(-l) 

2. 498( - 1 ) 

1.280(0) 

5 

2 

4.121(-1) 

3.043(-l) 

1.345(0) 

1.103(0) 

3.083(0) 

3.054(0) 

5 

3 

1.151(1) 

2. 854(-3) 

3.588(1) 

4.064(-l) 

5.840(1) 

3.595(0) 

5 

4 

1.098(2) 

1. 043(-4) 

4.465(2) 

1.  528(-2) 

7.919(2) 

4.774(-l) 

1 

all 

1.185(2) 

4.  1 20  (— 16 ) 

2.065(2) 

1.82K-7) 

2.782(2) 

3.768(-4) 

2 

all 

1.197(2) 

5. 180(-10) 

2.699(2) 

7.500(-5) 

3.834(2) 

2. 1 50  (-2) 

3 

all 

4.056(2) 

1.  199(-4) 

5.664(2) 

5.701(-3) 

7.569(2) 

2. 906(-l) 

4 

all 

6.605(1) 

2. 023(-2) 

2.786(2) 

1 . 7  28 ( —  1 ) 

5.537(2) 

1.917(0) 

5 

all 

1.217(2) 

4. 279(-l) 

4.838(2) 

1.965(0) 

8.537(2) 

8.744(0) 

gas  kin.  6.433(4)  9.469(4)  1.174(5) 


*  Numbers  in  parentheses  represent  powers  of  10  by  which  the  written 
number  should  be  multiplied. 


Table  3.  Selected  State -to -State  Rate  Constants  for  the  Processes 


HF{v)  +  D  — »  HF(v'<,  v)  +  D  (NR) 

HF(v)  +  D  — )  H  +  FD(v')  (R) 

*  -1 
All  rate  constants  are  in  units  of  cm*molecule  *sec 


v-*v‘ 

NR 

R 

NR 

R 

NR 

R 

1 

0 

3.421(1) 

1. 265(-14) 

6.267(1) 

5. 584( —7 ) 

8.425(1) 

1. 266(-3) 

2 

0 

9. 141 (— 1 ) 

6. 015(-12) 

1.812(0) 

6. 574(-6) 

2.537(0) 

4. 635(— 3) 

2 

1 

6.476(1) 

3. 548(-13) 

1.  123(2) 

1.454(-5) 

1.556(2) 

1.437(-2) 

3 

0 

6. 875(-2) 

4.  1 1 3  (— 5) 

1. 149 ( - 1 ) 

• 

o 

K 

1 

1 . 439  (—  1 ) 

7.812(-3) 

3 

1 

7.950(0) 

3.  514(-6) 

1.044(1) 

7. 205(-4) 

1.178(1) 

1.997(-2) 

3 

2 

9.057(1) 

1.441(-7) 

1.592(2) 

1.944(-4) 

2.106(2) 

1 . 950(-2) 

3 

3 

2. 837 (-9) 

6. 343(-5) 

i.705(-2) 

3 

4 

1. 356(-10) 

1. 426(-5) 

5. 357(-3) 

gas  kin.  4.656(4)  6.855(4)  8.499(4) 

*  Numbers  in  parentheses  represent  powers  of  10  by  which  the  written 
number  should  be  multiplied. 


FIGURE  CAPTIONS 

Figure  1.  Plot  of  the  potential  energy  V  along  the  minimum  energy  path 
as  a  function  of  the  reaction  coordinate  s  for  the  reaction  H*  +  FH  —4 
H'F  +  H.  s  =  0  at  the  barrier  (along  the  H--F--H  symmetric  stretch 
line).  The  energy  levels  of  the  isolated  HF  reagent  molecule  are  shown 
on  the  left  side  of  the  plot.  For  comparison  purposes*  those  of  the 
isolated  DF  molecule  are  shown  at  the  right. 

Figure  2.  Contour  plot  of  the  potential  energy  surface  for  the  reaction 
H'  +  FH  — 4  H‘F  +  H  in  the  Delves  coordinate  system.  Equipotentials 
are  drawn  every  0.3  eV.  The  origin  of  energy  is  the  bottom  of  the 
isolated  HF  well.  A  cross  is  drawn  at  the  saddle  point*  and  the  mini¬ 
mum  .energy  path  is  indicated  by  a  dashed  line. 

Figure  3.  Plot  of  rate  constants  k  .  for  total  reactive  (R)  and 

v*4v'<v 

non-reactive  (N)  deactivation  in  the  collision  H  +  FH(v)  — -4  H  +  FH(v'<  v) 

at  T  =  300,  650,  and  1000  K  as  a  function  of  the  vibrational  state  v  of  the 

reagent  molecule.  All  curves  for  reactive  collisions  are  indicated  by 

solid  lines;  those  for  non-reactive  ones  are  indicated  by  dashed,  dotted, 

and  dashed-dotted  lines,  respectively,  for  T  =  300,  650*  and  1000  K. 

Figure  4.  Arrhenius  plot  of  state -to- state  rate  constants  k  ,  for  the 

w 

reactive  (superscript  R)  and  non-reactive  (superscript  N)  collisions 
H  +  FH(v  =  2)  —4  H  +  FH(v'  =  0,  1).  Curves  for  non-reactive  transitions 
are  indicated  by  solid  lines;  those  for  reactive  ones  are  indicated  by 
dashed  lines. 

Figure  5.  Plot  of  high  temperature  (700  -  1000  K)  Arrhenius  activation 
N 

energies  E  (v-4v-n)  for  n-quantum  non- reactive  deactivating  collisions 

cL 

HF(v=l-5)  +  H'  —4  HF(v-n)  +  H'  as  a  function  of  the  internal  energy  E. 

int 

of  the  HF(v)  reagent.  The  quantum  number  of  each  reagent  state  is 
indicated  on  the  upper  abscissa.  Different  line  types  are  used  to  connect 
each  of  the  data  points:  n=l  -  solid  line;  n=2  -  dashed  line;  n=3  -  dotted 
line;  n=4  -  dashed-dotted  line.  For  n=5,  only  one  data  point  exists;  it 


It 


is  marked  by  a  plus  sign. 


Figure  6.  Plot  of  high  temperature  (700-1000  K)  Arrhenius  activation 
energies  E  (v— >v-n)  for  n-quantum  reactive  deactivating  collisions 


HF(v=l-5)  +  H'  — H  +  FH'(v-n)  as  a  function  of  the  internal  energy 


E.  of  the  HF(v)  reagent.  All  line  types  and  markings  are  as  in 
int 


figure  5. 


Figure  7.  Plot  of  the  probability  P  +  ^  °f  the  reaction  HF(v)  +  H' 

— $  H  +  FH*  as  a  function  of  the  initial  translational  energy  of  the  reagents 


_tr 


for  v  =  0,  1,  2,  3. 


Figure  8.  Histogram  plot  of  the  fraction  of  reaction  product  F 


for  all  possible  product  states  v1  for  the  reaction  HF(v=i)  +  H'  — } 

H  +  FH*(v')  at  three  values  of  the  initial  reagent  translational  energy 
Etr.  Bars  marked  a,  b,  and  c  are  for  Etr  =  1.5361  eV,  1..  9443  eV, 
and  2.4068  eV,  respectively. 

R 

Figure  9.  Histogram  plot  of  the  fraction  of  reaction  product  F 
for  all  possible  product  states  v*  for  the  reaction  HF(v=2)  +  H'  — ) 

H  +  FH' (v1)  at  three  values  of  the  initial  reagent  translational  energy 

tr  tr 

E  .  Bars  marked  a,  b,  and  c  are  for  E  =  1.3161  eV,  1.6154,  eV, 

and  1.9964  eV,  respectively. 

Figure  10.  Plot  of  the  average  fraction  of  product  energy  going  into 

vibration  ^  f  )as  a  function  of  the  initial  reagent  translational  energy 
tr  ^ 

E  for  v  =  0,  1,  2,  3.  Results  for  different  values  of  v  are  indicated  by 
different  symbols:  v=0  -  open  circles;  v=l  -  open  squares;  v=2  -  open 
triangles;  v=3  -  filled  circles.  Lines  correspond  to  the  value  expected  if 
the  reaction  were  vibrationally  adiabatic.  Results  are  shown  only  for 
energies  where  the  probability  of  reaction  is  significantly  greater  than 
zero. 

Figure  11.  Plot  of  the  probability  P  ^  +  t^le  reaction  HF(v)  + 

D  DF  +  H  as  a  function  of  the  initial  reagent  translational  energy 
E  for  v  =  0,  1,  2.  The  solid  line  is  for  v  =  0;  the  dashed  line  is  for 


v  =  1;  and  the  dotted  line  is  for  v  =  2. 


Figure  12.  Histogram  plot  of  the  fraction  of  reaction  product  F  , 

w 

for  all  possible  product  states  v'  for  the  reaction  HF(v=l)  +  D  —4  H  + 

FD(v' )  at  three  values  of  the  initial  reagent  translational  energy  E  . 

tr 

Bars  marked  a,  b,  and  c  are  for  E  =  1.  5361  eV,  1.7  538  eV,  and 
1.9443  eV,  respectively. 

Figure  13.  Histogram  plot  of  the  fraction  of  reaction  product  F  , 
for  all  possible  product  states  v1  of  the  reaction  HF(v=2)  +  D  — ♦ 

tr 

H  .+  FD(v')  at  two  values  of  the  initial  reagent  translational  energy  E  . 

tr 

Bars  marked  by  a  and  b  are  for  E  =  1.3161  eV  and  1.5066  eV, 
respectively. 

Figure  14.  Plot  of  the  average  fraction  of  product  energy  going  into 

vibration  f  as  a  function  of  the  initial  reagent  translational  energy 
tr  v 

E  for  v  =  0,  1,  2.  Symbols  and  lines  have  their  same  meaning  as  in 
figure  10. 

N 

Figure  15.  Landau-Teller  plot  of  rate  constants  k  .  (HF  +  H1)  for 

v,  v- 1 

single -quantum  non-reactive  deactivating  collisions  HF(v)  +  H1  —4 
HF(v-i)  +  H1  for  v=l-5.  The  temperature  is  indicated  on  the  upper 
abscissa.  Different  line  types  are  used  for  each  v:  v=l  -  solid  line; 
v=2  -  dashed  line  (large  dashed);  v--3  -  dotted  line;  v=4  -  dashed- 
dotted  line;  v=5  -  dashed  line  (small  dashes). 

N 

Figure  16.  Landau-Teller  plot  of  rate  constants  k  ,(HF  +  D)  for 

v,  v- 1 

single -quantum  non-reactive  deactivating  collisions  HF(v)  +  D  —4 
HF(v-l)  +  D  for  v  =  1,  2,  3.  The  temperature  is  indicated  on  the  upper 
abscissa.  Different  line  types  are  used  for  each  v:  v=i  -  solid  line; 
v=2  -  dashed  line;  v=3  -  dotted  line. 

Figure  17.  Plot  of  the  threshhold  energy  E^  for  the  vibrationally 
adiabatic  reactions  HF(v)  +  H*  —4  H  +  FH'(v)  (solid  line)  and  HF(v)  + 

7Jlt 

D  —4  H  +  FD(v)  (dashed  line)  as  a  function  of  the  internal  energy  E 
of  the  reagent  HF  molecule.  Open  circles  and  squares,  respectively,  < 
used  to  plot  the  original  data  points  for  the  HF  +  H'  and  HF  +  D  systems 
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respectively.  The  quantum  number  of  the  reagent  HF  state  is  indica¬ 
ted  on  the  upper  abscissa. 

Figure  18.  Plot  of  the  threshhold  energy  E  for  the  vibrationally 
adiabatic  reaction  HF(v)  +  H'  H  +  FH'(v)  as  a  function  of  the 
vibrationally  adiabatic  barrier  height  AV^  ,  defined  in  eq.  15  of  the 
text  for  v  =  0-4.  The  open  circles  mark  the  actual  data  points.  The 
values  of  v  are  indicated  on  the  upper  abscissa. 
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and  D  +  FH(v)  Systems. 
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Collinear  coupled- channel  quantum  mechanical  calculations 
have  been  performed  on  the  title  systems  on  potential  energy 
surfaces  with  barriers  to  reaction  of  1.5,  5,  10,  20,  30,  and 
40  kcal/mole.  We  have  examined  the  differences  in  the  dyna¬ 
mics  on  the  different  surfaces,  emphasizing  the  rate  and  mech¬ 
anism  of  vibrational  deactivation  of  HF  in  H  +  FH(v)  collisions 
and  the  influence  of  reagent  vibrational  excitation  on  reaction 
probabilities  and  product  state  distributions  in  the  D  +  FH(v) 
reaction.  The  rate  of  vibrational  deactivation  decreases  as 
the  barrier  height  is  increased  for  low  barrier  height  surfaces, 
but  becomes  relatively  insensitive  to  barrier  height  at  higher 
barrier  heights  at  the  temperatures  studied.  On  the  lower 
barrier  surfaces  vibrational  deactivation  occurs  mainly  in 
multi-quantum  reactive  transitions,  while  for  higher  barrier 
surfaces  it  occurs  in  single -quantum  non- reactive  transitions. 
In  the  D  +  FH(v)  reaction,  reagent  vibrational  excitation  re¬ 
duces  the  translational  energy  threshhold  by  an  amount  smaller 
than  the  vibrational  quantum  and  can  lead  to  different  product 
state  distributions  depending  on  the  potential  energy  surface. 
Quantum  mechanical  resonances  observed  on  the  low  barrier 
surfaces  can  be  understood  by  reference  to  vibrationally 
adiabatic  correlation  diagrams. 
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I.  introduction 

The  dependence  of  the  dynamics  of  chemical  reactions  on  the 
potential  energy  surface  governing  the  motion  of  the  nuclei  has  been 
the  subject  of  substantial  attention.  In  a  pioneering  series  of  papers, 
Polanyi  and  collaborators  used  the  classical  trajectory  technique  to 
study  how  the  dynamics  of  the  general  class  of  reactions 

A  +  BC(v,  J)  — i  AB(v',J')  +  C  (i) 

varied  with  changes  in  the  potential  energy  surface  (1).  Features  of 
particular  interest  have  been  how  the  disposal  of  energy  in  exoergic 
reactions  or  the  usefulness  of  various  forms  of  internal  energy  in 
endoergic  reactions  depends  on  the  position  of  the  saddle  point  on 
the  surface.  Other  workers  have  also  explored  the  relationship  be¬ 
tween  the  potential  energy  surface  and  the  dynamics  obtained  from 
classical  mechanical  calculations  for  both  reactive  and  non- reactive 
processes  (2). 

For  quantum  mechanical  calculations,  such  studies  have  been 
far  fewer  in  number.  As  new  potential  energy  surfaces  are  developed 
over  the  years,  dynamical  calculations  are  frequently  performed, 
providing  information  on  the  sensitivity  of  dynamics  to  surface 
parameters.  For  example,  for  the  H  +  system  and  its  D  substitu¬ 
ted  analogs,  in  exact  and  approximate  quantum  calculations  (in  one, 
two,  and/or  three  dimensions)  (3),  surfaces  studied  include  the 
scaled  SSMK(4),  the  Porte r-Karplus  (5),  and  the  SL.TH  (6)  ones, 
among  others.  For  the  F  +  system,  a  variety  of  potential  energy 
surfaces,  both  semi -empirical  (7)  and  ab  initio  (8)  have  been  used  in 
collinear  quantum  mechanical  calculations  (7b,  9).  Similar  studies 
have  been  carried  out  on  the  I  +  (10),  O  +  (11),  and  I  +  HI 

(12)  systems,  among  others. 

In  most  of  this  work,  attention  has  been  focused  on  the  dynamics 
of  chemically  reactive  processes.  If  one  is  to  understand  the  full 
dynamics  of  potentially  reactive  chemical  systems,  however,  one 
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must  also  understand  how  the  dynamics  of  non-reactive  processes 
depend  on  the  nature  of  the  assumed  potential  energy  surface.  For 
example,  in  studying  the  dynamics  of  the  collisional  deactivation  of 
a  vibrationally  excited  molecule  (such  as  that  present  in  a  chemical 
laser  system),  the  quantities  most  of  interest  are  the  rates  of  vibra¬ 
tional  deactivation  and  the  number  of  quanta  transferred  .  Rabitz 
and  co-workers  (13)  have  studied  the  sensitivity  of  energy  transfer 
processes  to  the  nature  of  the  assumed  potential  energy  surface 
in  non- reactive  collisions. 

In  this  work  we  study  the  dynamics  of  the  collinear  systems 


HF(v)+H'  — *  HF(v')  +  H'  (2a) 

H  +  FH'(v")  (2b) 

HF(v)  +  D  — >  HF(v')  +  D  (3a) 

H  +  FD(v")  (3b) 


by  coupled-channel  quantum  mechanical  calculations  on  six  related 
potential  energy  surfaces.  These  surfaces  are  identical  except  for 
their  profile  along  the  minimum  energy  path,  and  have  barriers  of 
1. 5,  5,  10,  20,  30,  and  40  kcal/mole.  The  first  is  close  to  the  barrier 
of  the  Muckerman  V  surface  (7b)  used  in  a  previous  collinear  quan¬ 
tum  mechanical  study  of  these  systems  (14);  the  last  is  closest  to  the 
barrier  heigh*8  indicated  by  the  most  recent  experiments  (15)  and 
also  by  ab  initio  calculations  (16).  The  results  of  the  calculation  on 
this  surface  have  been  presented  separately  (17). 

In  our  calculations  we  will  examine  the  effects  of  the  change  of 
barrier  height  on  various  features  of  the  H  or  D  atom  induced  col¬ 
lisional  deactivation  of  HF(v),  including  the  overall  rate  of  deactiva¬ 
tion,  the  fraction  of  deactivation  occurring  by  reactive  and  non¬ 
reactive  processes,  the  relative  importance  of  single  and  multi¬ 
quantum  transitions,  and  the  temperature  dependence  of  these 
quantities.  We  will  also  consider  the  general  class  of  reactive 
processes  (2b  and  3b)  and  the  role  of  quantum  mechanical  resonances 


v 


w 


*0 
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on  the  different  surfaces. 

The  outline  of  this  paper  is  as  follows.  In  section  2  we  discuss 
potential  energy  surfaces  used  in  the  calculations,  and  in  section  3 
we  briefly  review  some  important  aspects  of  the  calculations  per¬ 
formed.  The  results  obtained  will  be  presented  in  section  4,  and 
their  significance  will  be  discussed  in  section  5  .  Finally,  in  section 
6  we  will  summarize  the  results  and  conclusions  obtained. 


The  potential  energy  surfaces  used  in  this  study  are  all  of  the 
highly  flexible  rotating  Morse -cubic  spline  form  (18),  in  which  the 
potential  energy  as  a  function  of  the  internuclear  coordinates  R 
and  R  is  given  by  the  expression 


where 


v(rab’rbc)  =  D(e){(1  -  «*p(-P(8  )(4eq(^)  -*)»  -  1)  +  D(*=0)  (4) 

8-  »«'1((rab  -  rab°)/(rbc  -  rbc°)  (5) 


*  *  «rab  -  rab°>2  +  <rbc 


rbc°>2'4/2 


(RAjj  »  Rgc  )  is  *ke  point  from  which  one  swings  the  Morse  oscil¬ 
lator,  whose  parameters  are  thus  functions  of  the  angle  ;  when  R  _ 
o  o  AB 

>  ^AB  °r  w^en  RBC  ^  RBC  *  t*ie  P0*611**4*  *8  Just  that  a  Morse 

o  o 

oscillator.  Normally,  the  point  (RAg  »  Rbc  ^  is  far  up  the  disBocia“ 

o  o 

tive  plateau,  that  is,  both  R  and  R_  _  are  large.  The  coordinate 

Ai3  a  L, 

system  and  definition  of  terms  are  indicated  schematically  in  figure  1. 

The  Morse  parameters  £.  (@)  and  p(0)  are  given  at  a  small  num- 

ber  of  values  of  the  swing  angle  ,  and  a  cubic  spline  interpolation  is 
then  performed.  A  similar  interpolation  could  be  performed  for 
D(6);  however,  in  this  case  we  assume  it  to  be  given  by  a  Gaussian 

D(0)  =  D(0= 0)  -  (A  +  Bexp(-C(ir/4  -0  )2))  (1 

Values  of  the  constants  A,  B,  and  C  for  each  of  the  surfaces  used 
are  given  in  Table  1;  values  of  £  ( & )  and  (3(9 )  have  been  presented 

eq 

elsewhere  (17). 

The  values  of  £  (6)  and  p(9 )  were  obtained  by  numerically 

eq 

finding  their  values  on  the  Muckerman  V  surface  (7b)  in  the  exchange 
channel  and  then  splining  together;  the  values  for  A,  B,  and  C  were 
first  obtained  from  the  Muckerman  V  surface  at  3  values  of  B  (0°, 

22%  and  45°).  To  increase  the  barrier  height,  only  parameters 
B  and  C  in  eq.  7  were  changed. 
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For  rab  >ra3°  (rbc  8maU)  or  rbc  >rbc°  (rab  8maU)’  4116 

potential  energy  was  taken  to  be  independent  of  R  _  and  R_  , 

AS  B  C 

respectively.  This  produced  a  slight  upward  shi£t  (~0.0168  kcal/mole) 
in  the  bottom  of  the  HF  diatomic  well  relative  to  its  dissociation  energy. 
For  use  in  the  calculations  reported  here,  we  have  constructed 
surfaces  with  barrier  heights  of  1.5,  5,  10,  20,  30,  and  40  kcal/mole. 
We  have  plotted  the  40  kcal/mole  barrier  surface  in  the  Delves  mass 
scaled  coordinate  system  (19)  for  the  HFH  system  in  figure  2.  In 
figure  3  we  display  the  vibrational  energy  levels  of  HF  and  DF  along 
with  the  energies  of  the  barriers  on  the  six  surfaces  used. 


m.  NUMERICAL  ASPECTS 


Numerical  solution  of  the  Schrodinger  equation  has  been  performed 
by  the  coupled -channel  method  of  Kuppermann  (20).  20  -  24  basis 

functions  were  used  in  these  calculations,  and  unitarity  of  the 
scattering  matrix  was  obtained  to  better  than  3%  at  nearly  all  energies 
studied;  at  most  it  was  obtained  to  better  than  1%.  For  those  calcula¬ 
tions  where  unitarity  was  not  obtained  to  3%,  we  do  not  include  the 
results  in  our  analysis. 

Reactions  2a  and  2b  were  studied  in  the  energy  range  up  to  2.  94 
eV  above  the  zero-point  energy  of  HF,  while  reactions  3a  and  3b 
were  studied  up  to  2.  45  eV  above  the  HF  zero-point  energy.  The 
smaller  range  in  the  latter  calculation  was  due  to  the  smaller  vibra¬ 
tional  energy  spacing  of  DF  (see  figure  3)  than  HF,  which  gives  rise 
to  more  open  channels  at  a  given  total  energy  than  at  the  same  total 
energy  in  the  HF  +  H  system. 

State -to- state  rate  constants  have  been  calculated  from  the  transi¬ 
tion  probabilities  obtained  in  the  scattering  calculations  by  the 
relationship 


k..(T)  =  (2irA  k T) 
xj  a,  be  b 


jQ  P..(Etr)exp(-Etr/kbT)dEtr 


where  P. .  is  the  probability  for  the  transition  from  state  i  to  state  j, 
tr  ^ 

E  is  the  initial  reagent  relative  translational  energy  of  the  collision, 

A  is  the  reduced  mass  of  the  a,  be  collision  pair,  and  It  is 
a,  be  b 

Boltzmann*  8  constant. 


IV.  RESULTS 


We  have  studied  a  number  of  aspects  of  the  dynamics  of  the  col- 
linear  HFH  and  DFH  systems  on  six  different,  but  related,  potential 
energy  surfaces,  and  will  try  to  present  some  of  the  most  important 
features  of  our  results  in  this  section.  We  will  consider  the  following 
questions: 

1)  What  are  the  relative  rates  of  collisional  deactivation  of 
vibrationally  excited  HF  and  how  do  they  depend  on  the  surface  used 
and  on  the  reagent  vibrational  state  ? 

2)  How  do  deactivating  processes  occur  (single  vs.  multi- 
quantum,  reactive  vs.  non- re  active)  on  the  different  surfaces? 

3)  How  do  these  quantities  vary  with  temperature  ? 

4)  How  do  the  dynamics  of  the  reactive  processes  (energy 
thresholds,  product  vibrational  state  distribution,  effect  of  reagent 
vibrational  excitation)  depend  on  the  surface  ? 

5)  What  is  the  nature  and  magnitude  of  the  isotope  effect  on 
going  from  the  HFH  to  the  DFH  system  ? 

6)  How  important  are  quantum  mechanical  resonances  on  the 
different  surfaces,  and  how  do  their  position  and  strength  vary  as 
the  barrier  height  is  increased? 

A.  vibrational  deactivation 

The  rate  of  vibrational  deactivation  varies  significantly  as  the 
barrier  height  of  the  potential  energy  surface  varies.  This  may  be 
seen  in  figures  4  and  5,  in  which  the  overall  rate  of  vibrational  deac¬ 
tivation  in  the  H  +  FH(v)  system  is  plotted  as  a  function  of  the  barrier 
height  of  the  surface  for  v  =  1  -5  at  300  and  650  K,  respectively. 

There  are  three  important  features  of  these  figures.  First,  for 
low  barrier  height  surfaces,  the  rate  of  d^fcaSwattan  decreases 
rapidly  as  the  barrier  height  of  the  surface  increases.  For  example, 
in  figure  4  one  sees  that  as  the  barrier  height  increases  from  1. 5  to 


10  kcal/mole,  the  overall  deactivation  rates  decrease  by  nearly  two 
orders  of  magnitude.  As  the  barrier  height  is  further  increased  be¬ 
yond  10  kcal/mole,  however,  the  deactivation  rates  no  longer  continue 
to  decrease;  instead,  they  remain  relatively  constant.  Second,  the 
variation  in  the  deactivation  rates  with  reagent  vibrational  excita¬ 
tion  differs  on  the  low  and  high  barrier  surfaces.  In  the  former 
region,  the  deactivation  rate  in  general  increases  as  the  reagent  HF 
molecule  excitation  is  increased,  while  in  the  latter  region  there  ap¬ 
pears  to  be  no  clear  correlation  between  reagent  excitation  and  de¬ 
activation  rate.  Third,  the  barrier  height  at  which  the  transition  be¬ 
tween  low  barrier  and  high  barrier  behavior  occurs  is  temperature 
dependent.  In  comparing  figures  4  and  5,  for  example,  we  can  see 
that  at  300  K  the  division  seems  to  occur  at  10  kcal/mole;  at  650  K  it 
occurs  at  20  kcal/mole. 

This  behavior  is  also  seen  to  be  independent  of  isotopic  substitu¬ 
tion.  In  figure  6  we  present  a  plot  of  deactivation  rates  in  the 
HF(v)  +  D  system  at  300  K.  In  this  figure  we  only  include  FD  states 
whose  quantum  number  v"  is  smaller  than  that  of  the  reagent  HF(v) 
molecule. 


We  next  consider  the  details  of  the  deactivation  process  (those 


features  mentioned  in  item  2  above)  in  the  HF(v)  +  H  system.  Plots 


(1) 


of  the  fraction  f^  of  deactivation  occurring  by  single -quantum  transi 


tions  as  a  function  of  the  barrier  height  of  the  surface  are  shown  in 
figure  7  for  v  =  2-5(for  v=  1  all  deactivation  occurs  by  single  quantum 
transitions)  at  300  K.  Clearly  this  quantity  varies  substantially  as 
the  barrier  height  is  increased  although  when  the  barrier  is  above 
20  kcal/mole,  the  fraction  for  v=2  and  3  is  close  to  unity  and  thus 
nearly  independent  of  the  barrier  height.  In  general,  as  the  barrier 
height  increases,  the  importance  of  single -quantum  deactivation  in¬ 
creases  substantially  till  on  the  40  kcal/mole  surface,  it  accounts 
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for  more  than  80%  of  the  deactivation,  even  in  collisions  of  v  = 

4  and  5. 

R 

In  figure  8  we  plot  the  fraction  f  of  deactivation  occurring  by 
reactive  processes  (that  is,  those  of  t'^e  type  2b  rather  than  2a  de¬ 
fined  above)  as  a  function  of  the  barrier  height  for  v  =  1  to  5  at  300K. 
At  low  barrier  heights,  reactive  deactivation  is  clearly  the  rule,  as 
for  all  initial  states  considered,  over  7  5%  of  the  deactivation  rate  on 
the  1.5  kcal/mole  barrier  surface  occurs  by  reaction.  On  high 
barrier  surfaces,  the  deactivation  occurs  totally  by  non-reactive  ■ 
processes.  From  the  arrows  in  figure  8 showing  the  vibrational  ener¬ 
gy  of  the  isolated  HF(v)  molecule,  one  can  see  that  the  v  =  4  and  5 
levels  of  HF  already  have  sufficient  energy  to  overcome  any  of  the 
barriers  studied  here.  Thus,  the  absence  of  reactive  deactivation 


here  indicates  one  of  two  things:  either  translational  and  vibrational 
energy  are  so  weakly  coupled  that  the  latter  is  not  useful  in  promo¬ 
ting  reaction,  or  that  reaction  is  possible  but  that  it  occurs  over¬ 
whelmingly  by  a  vib rationally  adiabatic  proces.  Examination  of 
state -to -state  reaction  probabilities  indicates  that  the  former  expla¬ 
nation  must  be  the  correct  one,  as  at  all  but  very  high  translational 
energies  the  vibrationally  adiabatic  reaction  probability  is  smaller 
than  the  deactivating  ones.  For  example,  on  the  40  kcal/mole  sur¬ 
face,  just  above  the  opening  of  the  HF(v=4)  level,  the  state -to -state 

R  R  5 

reaction  probabilities  P  and  P. .  are  over  10  times  greater  than 
R  40  R  4 

P^4  ;  at  some  0.4  eVabove  the  opening,  P ^  is  nearly  10  times 
R 

greater  than  P  .  Only  at  translational  energies  above  1.0  eV 
does  become  the  greatest  of  the  reactive  probabilities. 

While  figure  7  gives  some  feeling  as  to  the  importance  of  multi¬ 
quantum  transitions,  it  does  not  provide  an  indication  of  the  relative 
importance  of  the  different  possible  multi -quantum  transitions.  To 
aid  in  assessing  their  importance,  in  figure  9  we  plot  the  average 


number  ^An  }  vibrational  quanta  lost  in  deactivating  collisions, 
both  reactive  and  non- reactive,  as  a  function  of  the  barrier  height 
for  v  =  2  -  5  at  both  300  K  (solid  lines)  and  1000  K  (dashed  lines). 
This  quantity  is  given  by  the  formula 


<An  ) 
v  de 


v -0 


(v  -  v')k  , 

_ w 

T 

k  , 


where  k 


is  the  total  (sum  of  reactive  and  nan- reactive)  deactiva¬ 


tion  rate  constant  for  the  v 


v'  transition.  Since  the  rate  constants 


vary  with  temperature,  so  will  <An^de*  For  a  given  reagent 
vibrational  level  v,  the  maximum  value  this  quantity  may  have  is  also 
v,  as  would  be  the  case  when  all  deactivation  occurred  by  a  v-quantum 
process,  in  which  only  ground  state  molecules  were  formed. 

From  figure  9  we  see  four  main  features.  First,  this  average 
number  of  quanta  lost  is  always  less  than  its  maximum  value,  by  an 
amount  ranging  from  almost  4  quanta  for  v  =  5  on  the  40  kcal/mole 
barrier  surface  to  1/2  quanta  for  v  =  2  on  the  1.  5  kcal/mole  barrier 
surface.  Second,  this  quantity  decreases  as  the  barrier  height  of  the 
surface  increases,  till  it  is  very  close  to  1  for  all  reagent  states  on 
the  30  kcal/mole  barrier  surface.  Third,  this  quantity  is  strongly 
temperature  dependent,  with  the  temperature  dependence  in  the  300  - 
1000  K  range  having  its  greatest  value  for  the  intermediate  (10  -  20 
kcal/mole)  barrier  surfaces.  Fourth,  this  quantity  increases  with 
v.  Thus,  we  see  that  on  low  barrier  surfaces,  not  only  are  multi¬ 
quantum  transitions  likely,  but  those  multi-quantum  transitions  which 
transfer  more  than  2  quanta  of  vibrational  energy  are  quite  likely. 

Finally,  we  wish  to  consider  the  temperature  dependence  of  the 
rate  constants  for  single -quantum  deactivation  as  a  function  of  the 
reagent  vibrational  state  and  the  barrier  height  of  the  potential 
energy  surface.  To  show  this  temperature  dependence,  we  calculate 


V,  V—  1 

Arrhenius  activation  energies  (E  )  for  these  rate  constants  in 

the  high  temperature  (700  -  1000  K)  and  plot  diem  as  a  function  of 
reagent  internal  energy  in  figure  10.  These  are  the  slopes  of  the 
corresponding  Arrhenius  plots  (logarithm  of  rate  constant  vs.  inverse 
temperature),  which  have  been  found  normally  to  be  reasonably  linear 
in  the  low  (200  -  400  K)  and  high  (700  -  1000  K  )  temperature  regions, 
but  curved  in  between.  The  activation  energies  calculated  increase  as 
the  barrier  height  of  the  potential  energy  surface  increases  and,  in 
general,  decrease  as  the  vibrational  excitation  of  the  reagent  in¬ 
creases.  This  decrease  is  far  less  than  the  increase  in  internal  ener¬ 
gy,  however.  For  example,  the  activation  energy  on  the  40  kcal/ 
mole  barrier  surface  decreases  only  by  some  16  kcal/mole  as  one 
adds  over  40  kcal/mole  of  internal  energy.  This  is  another  manifes¬ 
tation  of  the  relative  inefficiency  of  vibrational  energy  in  promoting 
reaction. 

B.  REACTIVE  PROCESSES 

In  this  section  we  will  examine  a  few  aspects  of  the  dynamics  of 
reactive  processes  in  the  HF(v)  +  D  system.  This  system  is  a  bet¬ 
ter  one  for  experimental  study  than  the  HF(v)  +  H  system,  as  the 
reactive  and  non- reactive  processes  can  be  easily  differentiated. 

In  fact,  experiments  on  this  system  taking  advantage  of  the  mass 
difference  between  the  H  and  D  atoms  have  already  been  performed 
(15).  The  aspects  of  the  dynamics  of  the  reactive  processes  which  we 
will  mainly  consider  are  the  gross  features  of  the  reaction  proba¬ 
bility  and  the  vibrational  state  distribution  of  the  DF  product  formed 
in  the  reaction. 

We  examine  the  threshold  region  of  the  total  reaction  probability 
for  reaction  of  ground  state  HF  with  D  atoms  on  the  six  surfaces  in 
figure  11.  In  this  figure,  we  plot  the  reaction  probability  vs.  energy 
curves  only  in  the  threshold  region,  in  which  the  probability  increases 


rapidly  and  smoothly  from  zero  to  one.  We  also  indicate  in  the  figure 
the  translational  energy  equal  to  the  classical  barrier  height  of  the 
six  surfaces  studied.  Note  that  this  quantity  is  measured  with  respect 
to  the  bottom  of  the  HF  well,  while  the  translational  energy  is  measured 
with  respect  to  the  HF  zero-point  energy.  The  important  points  to 
be  learned  from  the  figure  are  as  follows.  First,  for  all  surfaces  the 
reaction  probability  does  rise  smoothly  from  zero  to  one  over  a  fairly 
narrow  range  of  energy.  Second,  the  threshold  energy  (the  energy  at 
which  the  probability  of  reaction  first  becomes  large,  say  0.02)  is 
always  smaller  than  the  classical  barrier  height  by  an-amount  which 
increases  as  the  barrier  height  increases  (some  0.04  eV  for  the  1.5 
kcal/mole  barrier  surface  to  some  0.  23  eV  for  the  40  kcal/mole 
barrier  surface).  Third,  the  width  of  the  threshold  region  also  in¬ 
creases  as  the  barrier  height  increases  (from  some  0.03  eV  for  the 
1.5  kcal/mole  barrier  surface  to  some  0.25  eV  for  the  40  kcal/mole 
barrier  surface). 

In  figure  12  we  plot  the  total  reaction  probability  for  reaction  of 
HF(v=l)  with  D  atoms  vs.  energy  in  the  threshold  region  on  the 
six  surfaces.  While  this  plot  is  fairly  similar  to  that  in  figure  11, 
there  are  two  major  differences.  First,  the  probability  vs.  energy 
curves  have  shifted  to  lower  energy.  This  is  reasonable,  as  the 
vibrational  energy  should  be  at  least  partially  effective  in  reducing 
the  translational  energy  threshold  for  reaction.  One  sees  that  its 
effectiveness  is  limited,  however,  as  the  translational  energy  thresh¬ 
old  has  been  reduced  by  no  more  than  0.  2  eV  on  vibrational  excitation, 
even  though  the  vibrational  quantum  is  0.49  eV.  Second,  the  behavior 
of  the  probability  vs.  energy  curves  at  the  high  energy  end  of  the 
threshold  region  is  different  than  it  is  in  figure  11  for  the  lower 
barrier  (1.5,  5,  10  kcal/mole)  surfaces.  In  these  cases,  we  see 
that  the  reaction  probabilities  do  not  stay  near  unity  as  they  do  in 


figure  11;  instead,  they  reach  a  maximum  somewhat  less  than  unity 
and  then  decrease  with  increasing  energy.  On  the  higher  barrier  sur¬ 
faces,  behavior  is  similar  to  that  in  figure  11.  We  will  discuss  later 
possible  explanations  for  the  more  complicated  nature  of  the  dynamics 
on  the  low  barrier  surfaces. 

The  next  aspect  of  the  reactive  processes  which  we  will  consider 
is  the  vibrational  state  distribution  of  the  DF  formed  in  the  reaction, 
and  how  it  varies  with  the  barrier  height  of  the  potential  energy  sur¬ 
face  and  with  reagent  vibrational  excitation.  The  quantity  which  we 
will  frequently  consider  in  order  to  avoid  having  to  look  at  the  entire 


product  state  distribution  is  the  average  fraction  ^f^}  of  product 


energy  going  into  product  vibration 
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In  figure  13  we  plot  for  energies  at  which  the  reaction  probability 
is  appreciable  (more  than  60%)  this  quantity  for  reactions  of  ground 
state  HF  on  the  1.5,  20,  and  40  kcal/mole  barrier  surfaces.  From 


this  figure  we  see  that  the  barrier  height  of  the  surface  has  a  major 
influence  not  only  on  the  translational  energy  threshhold  for  rea  ction, 
but  also  on  the  product  state  distribution.  As  the  barrier  height  in¬ 
creases,  there  is  less  vibrational  excitation  of  the  DF  product.  We 
also  note  that  is  a  much  smoother  function  of  the  energy  for  the 

higher  barrier  surfaces  (20,  40  kcal/mole)  than  it  is  for  the  low 
(1.5  kcal/mole)  barrier  surface.  Some  of  the  lack  of  smoothness 
in  the  plot  for  that  surface  can  be  attributed  to  at  most  very  small 
translational  energy  thresholds  for  vibrational  excitation  into  newly 
opened  states.  The  arrows  on  the  abscissa  of  figure  13  indicate  the 
energies  at  which  DF  product  states  become  open,  and  we  see  that 


the  curve  for  the  1.5  kcal/mole  barrier  surface  rises  rapidly  at 
almost  identically  those  energies.  This  is  particularly  true  at  the 
energies  where  the  DF(v=l,  2,  and  3)  state  become  open.  No  such 
rapid  increases  are  seen  for  on  ^he  high  barrier  surfaces,  sug¬ 

gesting  that  reaction  to  higher  vibrational  energy  product  states 
occurs  with  a  large  translational  energy  threshold. 

To  determine  how  reagent  vibrational  excitation  influences  the 
vibrational  state  distribution  of  the  DF  product,  we  examine  ^ f ^ 
for  v  =  0-4  at  a  variety  of  energies  on  the  different  potential,  energy 
surfaces.  The  values  obtained  are  given  in  Table  2.  In  this  table 
we  only  consider  those  combinations  of  potential  energy  surface, 
energy,  and  reagent  vibrational  state  for  which  the  reaction  probabili¬ 
ty  has  gone  through  its  initial  rise;  on  the  high  barrier  surfaces  we 
will  only  be  able  to  examine  the  few  lowest  reagent  vibrational  states, 
as  the  translational  energy  thresholds  .  for  reaction  are  too  great 
for  reaction  to  occur  in  the  energy  range  studied. 

From  the  data  in  table  2,  we  can  see  that  the  influence  of  reagent 
vibrational  excitation  on  the  product  state  distribution  depends  strong¬ 
ly  on  the  total  energy  and  on  the  barrier  height  of  the  potential  surface 

On  high  barrier  surfaces,  reagent  vibrational  excitation  leads  to  a 
higher  fraction  of  the  product  energy  going  into  vibration,  whereas  on 
low  barrier  surfaces,  it  leads  to  no  particular  behavior.  In  a  number 
of  cases  one  actually  sees  less  product  vibrational  excitation  in  col¬ 
lisions  of  vibrationally  excited  reagents  (see  for  example  the  2.410 
eV  results  on  the  1.  5  kcal/mole  barrier  surface  and  the  2.002  eV 
results  on  the  5  kcal/mole  barrier  surface).  On  the  intermediate 
barrier  surfaces,  one  can  see  both  types  of  behavior.  For  example, 
on  the  10  kcal/mole  barrier  surface,  reaction  of  vibrationally  excited 
HF  leads  to  a  more  highly  excited  DF  distribution  than  does  that  of 
ground  state  HF  at  low  energy  (1.  186  eV),  but  leads  to  a  less  highly 
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ex  cited  one  at  higher  energy  (2.410  eV). 

We  can  also  obtain  additional  information  about  how  the  product 
state  distribution  depends  on  the  potential  energy  surface  from  the 
data  in  table  2,  especially  for  reactions  of  vibrationally  excited 
molecules  (in  figure  13  we  considered  only  reaction  of  ground  state 
species).  It  appears  that  this  dependence  is  itself  energy  dependent. 
At  the  lowest  energy  considered  (1.  186  eV),  while  <f^  decreases 
as  the  barrier  height  is  increased,  <f^  increases.  At  most  other 
combinations  of  energy  and  reagent  vibrational  state,  ^  f  y  is  essen¬ 
tially  independent  of  the  barrier  height  (or  more  precisely,  depends 
on  the  barrier  height  in  no  easily  recognizable  way)  on  low  barrier 
height  surfaces,  but  decreases  substantially  as  the  barrier  height 
further  increases. 

The  distribution  of  the  DF  product  states  for  reaction  from  HF(v= 
0,  1,  and  2)  at  a  total  energy  of  2.  410  eV  is  shown  in  figure  14  in  the 
form  of  histogram  plots.  In  these  plots,  the  height  of  the  bar  is  pro¬ 
portional  to  the  reaction  probability  to  the  indicated  product  state. 

We  note  here  the  most  important  features  of  these  plots.  For  the 
ground  reagent  state,  as  the  barrier  height  increases,  the  product 
state  distribution  as  a  whole  shifts  to  lower  vibrational  states,  until 
on  the  40  kcal/mole  barrier  surface,  7  5%  of  the  reaction  occurs  by  a 
vibrationally  adiabatic  process.  On  the  low  barrier  surfaces  the 
product  state  distribution  is  quite  broad,  being  spread  out  over  3-5 
product  states.  For  the  v=l  reagent  state,  the  product  distribution 
also  shifts  to  lower  vibrational  states  as  the  barrier  height  increases, 
but  the  shift  is  not  as  dramatic  as  for  ground  state  reactions.  This  is 
true  for  two  reasons.  First,  on  the  40  kcal/mole  barrier  surface  the 
reaction  is  primarily  vibrationally  adiabatic;  hence  the  distribution 
for  that  surface  is  peaked  about  v=l  and  not  about  v=0  as  in  the  ground 
state  reaction.  Second,  the  product  state  distributions  on  the  low 


barrier  surfaces  are  wider  than  for  ground  state  reaction,  so  that 
there  is  appreciable  population  of  the  DF(v'=2)  state  on  all  surfaces. 
An  interesting  feature  is  that  at  this  energy,  the  probability  of  vib ra¬ 
tionally  adiabatic  reaction  on  the  30  kcal/mole  surface  is  significantly 
smaller  than  the  probability  for  rea  ction  with  an  increase  or  decrease 
of  one  in  the  vibrational  quantum  number.  Thus,  one  cannot  simply 
assume  that  the  reaction  is  vibrationally  adiabatic  on  high  barrier  sur 
faces  at  all  energies.  The  product  state  distributions  in  reactions  of 
HF(v=2)  are  even  broader  than  those  for  reactions  of  HF(v=l),  and 
are  also  someth  at  irregular  (they  are  not  smoothly  peaked  about  one 
quantum  state).  We  note  that  some  of  the  state -to -state  reaction 
probabilities  on  the  low  barrier  surfaces  vary  fairly  rapidly  with 
energy  at  high  energy;  it  is  this  variation  that  gives  rise  to  the 
irregular  structure  of  the  plot  of  {f^}  iu  figure  13. 

C.  QUANTUM  MECHANICAL  RESONANCES 


The  existence  of  low  energy  resonances  in  the  collinear  HFH 

system  (Muckerman  V  surface)  has  been  noted  previously  (14),  and 

here  we  consider  some  aspects  of  the  resonance  structure  on  the 

surfaces  used.  We  are  particularly  interested  in  how  the  resonances 

change  in  position  and  intensity  as  the  barrier  height  is  raised.  In 

figures  15-18  we  present  plots  of  state -to -state  probabilities  of 

reaction  3b  on  the  1.5,  5,  10,  and  20  kcal/mole  barrier  surfaces, 

respectively,  in  the  region  of  energy  containing  the  threshold  for 

reaction  from  v  =  0  and  continuing  up  some  0.4  eV  above  that.  The 

plots  strongly  suggest  the  existence  of  a  resonance  in  these  systems. 

The  resonance  is  strongest  on  the  1.5  kcal/mole  barrier  surface,  and 

is  substantially  weaker  on  the  10  kcal  /mole  barrier  surface.  On  the 

20  kcal/mole  barrier  surface  it  has  almost  totally  disappeared;  it  is 

R  R 

seen  only  by  the  formation  of  a  small  shoulder  in  the  P.n  and  P_, 


as  there  is  on  each  of  the 


curves.  There  is  no  minimum  in  P^g 
lower  barrier  surfaces.  It  is  also  interesting  to  consider  the  effect 
of  isotopic  substitution  on  die  strength  of  the  resonance.  To  do  this, 
we  plot  state-to-state  probabilities  for  reaction  2b  on  the  10  kcal/mole 
barrier  surface  in  figure  19.  It  is  quite  clear  that  the  resonance  is 
much  stronger  in  this  system  than  it  is  in  the  D  substituted  system. 
There  are  two  other  interesting  features  of  figure  19.  First,  there 
is  a  small  dip  in  the  reaction  probability  shortly  after  it  first  reaches 
unity.  At  higher  energies  the  probability  does  return  to  one,  and  stays 
there  until  the  resonance.  Second,  the  resonance  occurs  at  a  transla¬ 
tional  energy  of  0.735  eV,  which  is  some  0. 1  eV  greater  than  the 
energy  of  the  weaker  and  broader  resonance  in  the  D  +  FH  system. 

We  will  discuss  these  features  of  the  dynamics  in  die  ensuing  dis¬ 
cussion  section. 
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The  dynamics  of  the  collinear  HFH  and  DFH  systems  are  shown 
to  depend  substantially  on  the  barrier  height  of  the  potential  energy 
surface  used.  As  the  barrier  height  is  increased  a  number  of  im¬ 
portant  changes  in  the  dynamics  take  place.  In  collisions  of  vibra- 
tionally  excited  HF  molecules,  the  overall  rate  of  vibrational  deacti¬ 
vation  of  the  HF  decreases  for  a  while  as  the  barrier  height  increases; 
further  increase  of  the  barrier  height  makes  little  change  in  the  deacti¬ 
vation  rate.  The  value  of  the  barrier  height  at  which  this  takes  place 
is  a  function  of  temperature  (increasing  as  the  temperature  is  in¬ 
creased).  On  low  barrier  surfaces,  the  bulk  of  the  deactivation  oc¬ 
curs  by  reactive  (and  multi-quantum)  processes;  on  high  barrier  sur¬ 
faces,  it  occurs  by  non- re  active  (and  single -quantum)  processes. 

On  the  lowest  barrier  surfaces  (1.5  and  5  kcal/mole),  what  non¬ 
reactive  deactivation  there  is  occurs  from  both  single  and  multi-quan¬ 
tum  transitions  at  300  K;  the  higher  the  reagent  vibrational  state,  the 
greater  the  contribution  of  multi  -  quantum  non- reactive  deactivation 
processes.  On  the  highest  barrier  surfaces  (30  -  40  kcal/mole), 
reactive  deactivation  occurs  mainly  by  multi -quantum  transitions  at 
300  K,  for  example  two  quantum  processes  in  collisions  of  HF(v=3) 
with  H  and  3  and  4  quantum  ones  in  collisions  of  HF(v=5)  +  H.  We 
have  shown  elsewhere  (17)  that  as  the  temperature  increases,  the 
relative  importance  of  single  quantum  reactive  deactivating  processes 
increases.  On  the  highest  barrier  surface  studied  (40  kcal/mole)  the 
deactivation  of  vibrationally  excited  HF  can  be  thought  of,  to  a  good 
approximation,  as  occurring  entirely  in  single -quantum  non-reactive 
processes. 

On  this  class  of  surfaces,  vibrational  energy  is  not  spectacularly 
effective  at  promoting  reaction.  This  is  seen  in  two  ways:  the  fairly 
small  decrease  (0. 10  to  0.  22  eV)  in  translational  thresholds  for 


reaction  on  the  moderate  and  high  barrier  surfaces  to  the  vibrational 
quantum  (0.49  eV),  and  the  calculation  of  large  activation  energies  for 
reactive  single -quantum  deactivation  processes  at  high  temperatures 
(700  -  1000  K).  Elsewhere,  we  have  shown  that  this  partial  effective¬ 
ness  of  vibrational  energy  can  be  explained  on  the  40  kcal/mole  surface 
by  a  vibrationally  adiabatic  model  (17).  The  feature  of  the  potential 
energy  surface  which  is  greatly  responsible  for  this  partial  effective¬ 
ness  is  the  relative  narrowness  of  the  reaction  channel  in  the  saddle 
point  region  (see  figure  2).  This  narrowness  produces  a  large  vibra¬ 
tional  frequency  for  symmetric  stretch  motion  at  the  saddle  point, 
meaning  that  the  vibrationally  adiabatic  barriers  will  be  fairly  large, 
even  when  there  are  a  few  quanta  of  vibrational  excitation. 

For  the  surfaces  with  low  or  only  moderate  barriers,  a  vibra¬ 
tionally  adiabatic  model  provides  useful  insight  into  the  dynamics  of 
the  reaction.  In  figure  20  we  plot  a  vibrationally  adiabatic  correla¬ 
tion  diagram  for  the  DFH  reaction  on  the  1. 5  kcal/mole  surface,  hi 

this  figure,  the  energy  V  (s)  of  the  vibrational  state  n  everywhere 

n 

along  the  reaction  coordinate  s  is  plotted.  We  also  plot  the  energy 
VmeP(s)  along  the  minimum  energy  path.  In  this  case,  one  can  see 
that  there  are  wells  in  the  vibrationally  adiabatic  correlation  diagram 
for  all  reagent  states,  and  the  wells  become  deeper  as  the  vibrational 
state  increases.  Since  it  is  known  that  wells  in  the  vibrationally 
adiabatic  correlation  diagram  can  lead  to  reactive  scattering  reso¬ 
nances  (21),  the  existence  of  resonances  in  this  system  is  not  unex¬ 
pected.  Indeed,  in  figure  15  we  see  a  very  strong  resonance  in  the 

£ 

reaction  probability  at  E^  =0.3  eV.  We  indicate  this  energy  on 

figure  20  with  a  dotted  line.  The  correlation  between  resonances  and 
bound  states  of  the  wells  in  the  vibrationally  adiabatic  correlation 
diagram  is  obvious.  For  higher  vibrational  states  the  wells  are 
quite  deep  and  wide,  suggesting  that  large  numbers  of  bound  states 
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of  the  curves  might  exist,  producing  numerous  resonances  and  hence 
quite  complicated  dynamics.  We  also  note  that  the  curves  for  the  dif¬ 
ferent  states  come  quite  close  to  each  other,  suggesting  that  crossing 
from  one  to  another  should  occur  fairly  easily,  especially  between 
states  with  n  greater  than  1. 

If  this  picture  is  correct,  it  must  explain  both  the  decrease  in 
resonance  intensity  as  the  barrier  height  is  increased  and  the  greater 
strength  and  higher  energy  of  the  resonance  in  the  10  kcal/mole  bar¬ 
rier  surface  for  H  +  FH  than  for  D  +  FH.  In  figure  21  we  present  the 
vibrationally  adiabatic  correlation  diagram  for  the  DFH  system  on  the 
10  kcal/mole  barrier  surface.  The  main  differences  between  this  fig¬ 
ure  and  figure  20  are  the  absence  of  the  small  well  in  the  n=0  curve 
and  the  much  smaller  depth  of  the  well  in  the  n=l  curve.  Because  of 
this  small  well  depth,  the  resonance  is  expected  to  be  substantially 
broadened.  The  vibrationally  adiabatic  correlation  diagram  for  the 
HFH  system  on  the  10  kcal/mole  barrier  surface  is  shown  in  figure 
22.  As  in  figure  20,  the  energy  of  the  resonance  is  indicated  by  a 
dotted  line.  We  note  two  major  differences  between  figures  21  and  22. 
First,  in  the  HFH  system,  the  well  in  the  v=l  curve  is  fairly  deep 
fu0. 1  eV);  tiie  resonance  energy  is  seen  to  lie  about  halfway  between 
the  bottom  and  top  of  the  well.  Second,  the  vibrationally  adiabatic 
correlation  diagram  curves  for  HFH  are  symmetric  about  s  =  0. 

Thus,  tiie  formation  of  a  flat  shoulder-like  area  on  the  curves,  such 
as  that  seen  for  n  =  1  in  figure  21,  cannot  occur  in  the  HFH  case;  any 
well  must  be  symmetric  about  the  saddle  point.  The  greater  depth 
of  the  well  in  the  HFH  case  than  for  the  DFH  one  is  responsible  for 
the  greater  strength  and  smaller  width  of  the  resonance  in  the  former 
system.  Because  the  vibrational  frequencies  near  the  saddle  point 
are  greater  for  HFH  than  they  are  for  DFH,  the  curves  in  the  vibra¬ 
tionally  adiabatic  correlation  diagram  for  HFH  will  be  at  higher  ener- 
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gy  in  the  saddle  point  region  than  are  those  for  OFH.  Thus,  the 
vibrationally  adiabatic  correlation  diagrams  produce  the  correct 
dependence  of  the  resonance  strength  and  energy  on  isotopic  substi¬ 


tution. 


VI.  CONCLUSIONS 


On  the  basis  of  the  scattering  calculations  performed,  we  are  able 
to  answer  the  questions  posed  at  the  beginning  of  section  4  about  the 
dynamics  of  the  collinear  HFH  and  DFH  systems  and  how  those  dy¬ 
namics  depend  on  the  barrier  height  of  the  potential  energy  surface 
used.  We  briefly  summarize  what  we  have  learned  in  regard  to 
each  question. 

1)  The  relative  rates  of  colli sional  deactivation  of  vibrationally 
excited  HF  decrease  substantially  with  increasing  barrier  height  for 
small  barrier  height  surfaces;  on  larger  barrier  surfaces  they  are 
relatively  independent  of  the  barrier  height.  The  barrier  height  at 
which  this  transition  occurs  increases  with  temperature. 

2)  On  low  barrier  surfaces  vibrational  deactivation  occurs 
primarily  by  reactive  multi-quantum  processes,  while  on  high  bar>- 
rier  surfaces  it  occurs  primarily  by  non-reactive  single -quantum 
processes. 

3)  Vibrational  deactivation  rates  increase  with  temperature. 

On  the  high  barrier  surfaces  the  rate  of  reactive  deactivation  in¬ 
creases  with  temperature  much  more  rapidly  than  that  of  non-reac- 
tive  deactivation.  As  the  temperature  increases,  multi-quantum 
deactivations  increase  in  importance. 

4)  As  the  harrier  height  of  the  surface  increases,  both  the 
translational  energy  threshold  for  reaction  increases  and  the  average 
fraction  of  energy  going  into  product  vibration  decreases.  On  the  high 
barrier  surfaces  reagent  vibrational  excitation  leads  to  a  higher  frac¬ 
tion  of  energy  going  into  product  vibration;  on  the  low-barrier  sur¬ 
faces  this  is  not  always  true. 

5)  The  gross  features  of  the  non-reactive  dynamics  are  not 
affected  by  isotopic  substitution;  the  reactive  dynamics  differ  sub¬ 
stantially  in  their  resonance  behavior.  This  difference  may  be  under- 
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stood  in  terms  of  the  vibration&lly  adiabatic  correlation  diagram  for 
the  HFH  and  DFH  systems. 

6)  Quantum  mechanical  resonances  are  strongest  on  the  low 
barrier  surfaces  and  significantly  weaker  or  absent  on  the  higher 
barrier  ones.  They  move  to  higher  energy  as  the  barrier  height  of 
the  surface  increases.  Consideration  of  the  vibrationally  adiabatic 
correlation  diagram  helps  one  understand  this  dependence. 
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Surface  Barrier 

kcal/mole 

A 

kcal/mole 

B 

kcal/mole 

C 

radians  * 

1.  5 

0.01681 

1.4832 

1.3434 

5 

0.01681 

4.9832 

20.955 

10 

0.01681 

9.9832 

25.268 

20 

0.01681 

19.983 

29. 575 

30 

0.01681 

29.983 

32.093 

40 

0.01681 

39.983 

33.879 

40 


Table  2.  ^f^  for  Different  Energies,  Reagent  Vibrational  States, 
and  Potential  Energy  Surfaces 


Surface* 

b 

V 

1.186 

E/eV 

1.594 

2.002 

2.410 

2.655 

E1HB 

0.  555 

0.652 

0.7l4 

0.692 

0.705 

i 

0.259 

0.532 

0.583 

0.549 

0.530 

2 

c 

0.637 

0.461 

0.511 

0.  552 

3 

- 

- 

0.  501 

0.460 

0.554 

4 

- 

- 

- 

0.394 

0.480 

5 

- 

- 

- 

- 

0.585 

5 

0 

0.494 

0.  543 

0.627 

0.647 

NA 

1 

0.350 

0.378 

0.504 

0.513 

NA 

2 

- 

0.415 

0.457 

0.488 

NA 

3 

- 

- 

0.447 

0.475 

NA 

4 

- 

- 

- 

0.604 

NA 

10 

0 

0.357 

0.473 

0.508 

0.620 

0.648 

1 

0.508 

0.433 

0.377 

0.507 

0.528 

2 

- 

0.399 

0.381 

0.477 

0.492 

3 

- 

- 

0.465 

0.455 

0.485 

4 

- 

- 

- 

- 

0.521 

5 

- 

- 

- 

- 

0.621 

20 

0 

0. 159 

0.222 

0.330 

0.412 

0.456 

1 

- 

0.348 

0.344 

0.422 

0.448 

2 

- 

- 

0.335 

0.401 

0.444 

3 

- 

- 

- 

0.434 

0.427 

4 

- 

- 

- 

- 

0.522 

30 

0 

- 

0.116 

0. 149 

0.233 

NA 

1 

- 

- 

0.267 

0.300 

NA 

2 

- 

- 

- 

0.379 

NA 

40 

0 

- 

- 

0. 107 

0.112 

0.143 

1 

- 

- 

- 

0.230 

0.240 

2 

_ 

• 

• 

- 

0.332 

a)  Number  indicated  is  die  barrier  height  of  the  potential  energy 
surface  in  kcal/mole 

b)  Reagent  Vibrational  State 

c)  There  is  insufficient  (below'  60%)  reaction  for  this  combination 
of  potential  energy  surface,  reagent  vibrational  state  and  total  energy 

d)  Calculations  performed  on  this  potential  energy  surface  for  this 
energy  gave  scattering  matrices  which  were  not  unitary  to  within 
3%  so  we  did  not  use  the  results  (NA  =  not  available) 


FIGURE  CAPTIONS 

Figure  1.  Schematic  diagram  of  coordinate  system  for  rotating 
Morse-cubic  spline  potential  energy  surface. 

Figure  2.  Potential  energy  surface  for  the  collinear  H  +  FH  system 
on  the  40  kcal/mole  barrier  surface  in  the  mass-scaled  Delves 
coordinate  system.  Equipotentials  are  drawn  every  0.3  eV  from  0.3 
eV  with  respect  to  the  bottom  of  the  HF  well  up  to  a  maximum  of  3. 0 
eV.  The  minimum  energy  path  is  indicated  by  a  dashed  line;  die  sad 
die  point  is  marked  by  an  "x". 

Figure  3.  Energy  level  diagram  of  the  energy  V  of  the  various 
HF(right)  and  DF  (left)  states  and  the  barrier  heights  of  the  surfaces 
(center). 


Figure  4.  Plot  of  the  total  rate  constant  (sum  of  reactive  and  non- 
dc 

reactive)  k^  for  deactivation  in  the  collision  H  +  FH(v)  —f  H  + 
FH(v'  ^  v)  at  300  K  for  v  =  1-5  as  a  function  of  the  barrier  height 
r  of  the  potential  energy  surface.  Arrows  mark  the  internal 
energies  of  the  four  lowest  HF  states.  Line  types  are  as  follows: 
v=i  :  solid  line;  v=2  :  dashed  line;  v=3  :  dashed-dotted  line;  v=4  : 
dotted  line;  v=5  :  dashed-triple -dotted  line. 

Figure  5.  Plot  of  the  total  rate  constant  for  deactivation  k^e  in  the 
collision  H  +  FH(v)  — ♦  H  +  FH(v'<  v)  at  650  K  for  v  =  1-5  as  a  func¬ 
tion  of  the  barrier  height  ^&rr  °f  the  potential  energy  surface. 
Arrows  and  line  types  are  as  in  figure  4. 

dc 

Figure  6.  Plot  of  the  total  rate  constant  for  deactivation  k^  in  the 
collision  D  +  FH(v)  — >  D  +  FH(v'  <  v),  DF(v"<  v)  +  H  at  300  K  for 
v  =  1-3  as  a  function  of  the  barrier  height  °f  the  potential 

energy  surface.  Arrows  and  line  types  are  as  in  figure  4. 


Figure  7.  Plot  of  the  fraction  f  of  deactivation  occurring  by 
single  quantum  transitions  in  the  collision  H  +  FH(v)  — *  H  +  FH(v-i) 
(both  reactive  and  non-reactive)  at  300  K  for  v  =  2-5  as  a  function  of 
tiie  barrier  height  E^  °f  the  potential  energy  surface.  Arrows  and 
line  types  are  as  in  figure  4. 
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Figure  8.  Plot  of  the  fraction  f  of  deactivation  occurring  by  reac¬ 
tion  in  the  collision  H  +  FH(v)  —4  HF(v'<  v)  +  H  at  300  K  for  v  =  1-5 
as  a  function  of  the  barrier  height  E^arr  of  the  potential  energy  sur¬ 
face.  Arrows  and  line  types  are  as  in  figure  4. 

Figure  9.  Plot  of  the  average  number  ^An  }  ^  of  vibrational  quanta 
lost  in  deactivating  collisions  in  H  +  FH(v)  —4  H  +  FH(v'  ^  v)  (both 
reactive  and  non^reactive)  at  300  K  (solid  line)  and  1000  K  (dashed 
line)  for  v  =  2-5.  Arrows  are  used  as  in  figure  4.  Symbols  used 
are  as  follows:  v  =  2  :  circles;  v  =  3  :  squares;  v  =  4  :  triangles; 
v  =  5  :  diamonds.  ‘Where  no  line  is  shown,  may  be  taken  as 

being  one. 

V*  V-  1 

Figure  10.  Plot  of  Arrhenius  activation  energies  E^  for  the 

single -quantum  deactivation  reactions  H  +  FH(v)  — >  HF(v-l)  +  H 

for  v  =  1-5  as  a  function  of  the  internal  energy  E.  of  the  HF(v) 

int 

reagent  state  on  the  six  potential  energy  surfaces  studied.  The 
barrier  height  E^^^^  of  these  surfaces  is  indicated  on  the  right  side 
of  the  plot.  Internal  energies  of  the  v  =  2-5  states  are  indicated  by 
arrows. 
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Figure  11.  Plot  of  probability  P  D+pj^(Q)  °*  reacti°n  D  +  F.H(0) 
—4  DF  +  H  as  a  function  of  the  reagent  translational  energy  Eq  in  the 
threshold  region  on  the  six  potential  energy  surfaces  studied,  the 
barrier  heights  of  which  are  indicated.  The  arrows  indicate  the 
energies  corresponding  to  the  heights  of  the  barriers. 


Figure  12.  Plot  of  probability  P  D+FH^j  of  the  reaction  D  +  FH(1) 

— >  DF  +  H  as  a  function  of  the  reagent  translational  energy  E  in  the 
threshold  region  on  the  six  potential  energy  surfaces  studied. 

All  labeling  is  as  in  figure  11.  The  arrows  on  the  abscissa  indicate 
the  energies  of  the  surface  barrier  heights. 

Figure  13.  Plot  of  the  average  fraction  of  available  energy  ^f^ 
going  into  product  vibration  in  the  reaction  D  +  FH(0)  — }  DF  +  H 
as  a  function  of  the  reagent  translational  energy  EQ  on  the  1. 5 
(triangles),  20  (squares)  and  40  (circles)  kcal/mole  barrier  surfaces. 
Energies  of  the  various  DF  product  states  are  indicated  on  the  abscissa. 

Figure  14.  Histogram  plot  showing  product  state  distributions  for  the 
reaction  D  +  FH(v)  -—4  DF(v')  +  H  at  a  total  energy  of  2.410  eV  for 
v1  up  to  and  including  6  on  the  6  potential  energy  surfaces,  the  barrier 
height  of  which  is  indicated  in  the  upper  right  corner  of  each  strip. 

The  height  of  the  bar  is  proportional  to  the  magnitude  of  the  state-to- 
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Figure  15.  Plot  of  the  state-to- state  reaction  probability 

PD+FH(0)  — >  DF(v')+H  f°r  reaction  D  +  *Ti(v=0)  DF(v')  +  H 
as  a  function  of  die  reagent  translational  energy  E^  on  the  1. 5  kcal/ 

mole  barrier  surface.  The  arrow  marks  the  energy  at  which  the  DF 
(v=l)  state  becomes  accessible.  A  solid  line  is  used  for  the  v'  =  0 
transition;  a  dashed  one  is  used  for  the  v'=l  transition. 

Figure  16.  Plot  of  the  state -to- state  reaction  probability 

PD+FH(0)  _ ■».  DF(v'  )+H  for  15  as  a  function  of  the  rea¬ 

gent  translational  energy  E^  on  the  5  kcal/mole  barrier  surface. 
Arrows  mark  the  energies  at  which  the  indicated  states  become  acces¬ 
sible.  Line  types  are  as  in  figure  15. 
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Figure  17.  Plot  of  the  state -to- state  reaction  probability 

PD+FH(0)  — ♦  DF{v')+H  de£ined  £or  fi8ure  15  aa  a  Action  of  the 
reagent  translational  energy  Eq  on  the  10  kcal/mole  barrier  surface. 

Arrows  and  line  types  are  as  in  figure  16. 

Figure  18.  Plot  of  the  state -to -state  reaction  probability 

PD+FH(0)  — »  DF(v')+H  defined  for  £i8ure  15  aa  a  Action  of  the 
reagent  translational  energy  E^  on  the  20  kcal/mole  barrier  surface. 

Arrows  and  line  types  are  as  in  figure  16. 

Figure  19.  Plot  of  the  state -to -state  reaction  probability 

PH+FH(0)  — *  HF(v')  +  H  for  the  r'lctlon  H  +  FH<V=0>  — *  HF(»')+  H 
as  a  function  of  the  reagent  translational  energy  Eq  on  the  10  kcal/ 

mole  barrier  surface.  Arrows  and  line  types  are  as  in  figure  16. 

Figure  20.  Vibrationally  adiabatic  correlation  diagram  showing  the 

th. 

energy  V  along  the  minimum  energy  path  (MEP)  and  of  the  n  local 
vibrational  state  as  a  function  of  the  reaction  coordinate  s  measured 
along  the  minimum  energy  path  for  the  1. 5  kcal/mole  barrier  surface 
for  the  O  +  FH  reaction.  The  dotted  line  marks  the  energy  at  which 
the  resonance  seen  in  figure  15  is  observed. 

Figure  21.  Vibrationally  adiabatic  correlation  diagram  for  the  10 
kcal/mole  barrier  surface  for  the  D  +  FH  reaction. 

Figure  22.  Vibrationally  adiabatic  correlation  diagram  for  the  10 
kcal/mole  barrier  surface  for  the  H  +  FH  reaction. 
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INTRODUCTION 

Dynamical  resonances  have  been  found  to  be  one  of  the  most 
interesting  results  of  collinear  quantum  mechanical  calculations  on 
the  dynamics  of  atom-diatomic  molecule  reactions.  Knowledge  of 
the  features  of  the  potential  energy  surfaces  responsible  for  their  exis¬ 
tence  is  important  if  one  is  to  be  able  to  understand  their  dependence 
on  the  potential  energy  surface,  reagent  vibrational  excitation,  and 
isotopic  substitution.  Similarly,  it  is  important  that  one  be  able  to 
adequately  recognize  and  characterize  dynamical  resonances, 
especially  when  they  are  partially  masked  by  direct  processes  a  ir- 
ring  in  the  same  energy  region. 

In  this  section  we  consider  various  characterization  techniqi 
for  the  recognition  and  characterization  of  dynamical  resonances  for 
two  different  systems:  the  collinear  H  +  H  and  the  collinear  F  +  H 

M  C 

(HD,  DH,  D^)  ones.  Characterization  techniques  include  studies  of 
the  variation  with  energy  of  the  state -to- state  reaction  probabilities, 
scattering  matrix  element  phases  and  their  energy  derivatives, 
eigenphase  shifts,  and  diagonal  elements,  eigenvalues,  and  eigen¬ 
vectors  of  the  collision  lifetime  matrix  of  Smith. 

Paper  n.  1  presents  results  of  a  collision  lifetime  matrix  analysis 
of  the  low  energy  resonances  in  the  collinear  F  +  H  (HD,  DH,  D  )  sys- 

Cm  Cm 

terns.  The  strength  of  the  resonances  is  shown  to  decrease  in  the 
order  FHD  'ft  FH_>  FD  >  FDH.  Because  the  collision  lifetime  mat- 
rix  localizes  the  resonance  into  a  single  eigen  channel,  it  allows  one 
to  determine  the  resonance  position,  width,  and  lifetime  with  a  mini¬ 
mum  of  ambiguity.  The  peak  in  the  reaction  probability  vs.  energy 
curve  for  each  system  is  shown  to  occur  at  higher  energy  than  the 
peak  in  the  eigenvalue  of  the  collision  lifetime  matrix  vs.  energy 
curve  for  the  same  system,  with  the  energy  difference  increasing 
as  the  resonance  weakens. 

Paper  n.  2  consists  of  a  detailed  study  of  the  two  lowest  energy 


% 


resonances  in  the  collinear  H  +  H  system  on  the  Porter-Karplus 

w 

potential  energy  surface.  All  of  the  characterization  techniques  men¬ 
tioned  above  are  utilized.  The  resonances  are  found  to  be  reflected 
in  all  of  these  methods,  most  notable  the  eigenvalues  of  the  collision 
lifetime  matrix.  Again,  the  resonances  are  almost  entirely  localized 
in  a  single  eigenchannel  of  this  matrix.  The  effect  of  the  symmetry 
of  the  system  in  the  results  of  the  characterization  procedures  is 
discussed.  There  appear  to  be  substantial  differences  between  the 
two  resonances  as  seen  by  the  eigenvectors  of  the  collision  lifetime 
matrix  near  the  resonance  energies. 

Paper  Q.  3  includes  a  detailed  study  of  the  resonances  studied  in 
paper  Q.  1.  As  in  paper  11.2,  all  of  the  above  mentioned  characteriza¬ 
tion  techniques  are  utilized.  The  degree  to  which  the  resonances  are 
reflected  by  the  different  techniques  in  each  of  the  systems  is  dis¬ 
cussed. 
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1.  Introduction 

Only  about  five  years  ago  the  first  accurate  calculations  of  the  differential 
and  integral  cross  sections  of  a  simple  chemical  reaction  on  a  given  potential 
energy  surface  were  performed.  This  was  the  result  of  an  evolutionary  process 
that  started  shortly  after  the  discovery  of  wave  mechanics  and  accelerated 
about  20  years  ago  with  the  development  of  electronic  digital  computers.  The 
purpose  of  this  article  is  to  outline  some  of  the  conceptual  ideas  and  numerical 
methodology  presently  used  in  such  calculations,  in  Section  II  we  consider 
collinear  triatomic  systems;  for  reasons  of  conceptual  as  well  as  computa¬ 
tional  simplicity,  most  of  the  early  work  done  in  this  field  was  for  such 
systems,  which  served  the  useful  purpose  of  testing  some  of  the  basic  ap¬ 
proaches  initially  used.  Since  the  results  of  calculations  on  such  model 
systems  arc  approximate,  in  the  sense  that  the  three  atoms  are  artificially 
confined  to  move  in  a  straight  line,  they  are  not  thoroughly  reviewed,  but 
some  examples  are  given,  mainly  for  illustrative  purposes.  These  include  both 
electronically  adiabatic  as  well  as  electronically  nonadiabatic  processes. 
Some  remarks  on  dissociation  and  three-body  recombination  processes  are 
also  made.  In  Section  III  the  concepts  involved  for  electronically  adiabatic 
triatoms  are  extended  to  the  three-dimensional  world,  and  the  results  of  their 
application  to  the  hydrogen  atom-hydrogen  molecule  exchange  reaction  on 
an  assumed  potential  energy  surface  are  given.  Although  this  surface  is 
approximate,  the  dynamical  calculations  performed  on  them  are  accurate. 
In  Section  IV  an  extension  of  reactive  scattering  concepts  o  more  general 
systems  is  considered,  and  a  review  of  conclusions  is  given  in  Section  V. 


II.  The  Qantm  Dynamics  of  Reactive  Coifineer  Trial— <c  Reactions 

Triatomic  exchange  reactions  of  the  type  A  +  BC  -*  AB  +  C  with  A.  B, 
and  C  representing  atoms  confined  to  move  on  a  laboratory-fixed  straight  line, 
constitute  the  simplest  reactive  systems  that  display  a  basic  characteristic 
of  many  chemical  reactions:  the  dissolution  of  a  chemical  bond  and  the 
formation  of  a  new  one.  The  low  mathematical  dimensionality  of  the  theory 
permits  a  presentation  unencumbered  by  the  mathematical  complexities  of 
molecular  rotations,  allowing  thereby  a  fairly  direct  analysis  of  the  effects 
of  translational  and  vibrational  degrees  of  freedom.  Initially  we  will  consider 
the  case  of  electronically  adiabatic  exchange  reactions,  and  later  these  con¬ 
siderations  will  be  extended  to  electronically  nonadiabatic  ones.  Finally,  an 
outline  of  bow  the  theory  can  be  extended  to  include  collision-induced  dis¬ 
sociation  and  three-body  recombination  processes  will  be  presented. 

We  consider  initially  collinear  reactions  for  which  the  first  electronically 
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excited  Bom-Oppenheimer  potential  energy  Function  is  everywhere  suf¬ 
ficiently  larger  than  the  total  energy  E  of  the  reacting  system  for  its  presence 
and  that  of  higher  electronic  states  to  be  ignored.  The  reaction  will  there¬ 
fore  be  assumed  to  occur  exclusively  on  the  ground  electronic  state  po¬ 
tential  energy  surface.  Furthermore.  £  will  be  assumed  to  be  sufficiently 
lower  than  the  bond  dissociation  energy  of  the  AB  and  BC  molecules  for  the 
dissociative  processes  A  +  BC-»A  +  B  +  C  and  C  +  BA-*C-t-B-t-A 
and  the  reverse  recombinations  to  be  ignored.  These  restrictions  are  con¬ 
venient  for  simplifying  the  mathematical  treatment.  In  Section  II.H  we 
consider  electronically  nonadiabatic  reactions,  and  in  Section  IV  we  suc¬ 
cinctly  discuss  dissociation  and  recombination  reactions. 


A.  Reactive-Scattering  Formalism 


Let  r'm  be  the  BC  internuclear  distance  and  R\  the  distance  between  A  and 
the  center  of  mass  CK  of  BC.  These  coordinates  are  convenient  for  the  des¬ 
cription  of  the  A  +  BC  reagents.  Similarly,  let  r.  be  the  A B  internuclear  distance 
and  R\  the  distance  of  C  to  the  center  of  mass  G*#  of  AB,  coordinates  which  are 
useful  for  the  description  of  the  final  state  of  the  products.  These  two  sets  of 
coordinates  are  depicted  in  Fig.  1.  Equipotential  curves  for  a  representative 
potential  energy  function  (surface)  V  are  depicted  in  Fig.  2  in  terms  of  the  x 
coordinates.  This  function  is  obtained  by  solving  the  electronic  motion 
problem,  in  three  dimensions,  for  all  ( R'„  r'J  col  linear  ABC  configurations. 
Its  central  characteristic  is  that  it  displays  a  line  of  steepest  ascents  and 
descents,  the  minimum  energy  path  depicted  by  the  dashed  line  in  Fig.  2. 
Along  lines  orthogonal  to  that  path,  the  potential  function  increases  in  both 
directions,  portraying  a  behavior  similar  to  that  of  a  diatomic  molecule.  This 
is  true  everywhere  along  the  minimum  energy  path,  including  the  saddle 
point,  denoted  in  that  Fig.  2  by  a  cross.  It  is  this  basic  property  that  suggests 
methods  for  solving  the  dynamic  problem.  Physically,  the  reaction  consists 
of  (quantum  mechanical)  motion  of  the  system  from  the  reagent  region  of 
the  R'„  r.  configuration  space,  denoted  by  A  +  BC  in  Fig.  2,  to  the  product 
region,  denoted  by  AB  +  C  The  energy  of  the  system  is  assumed  to  be  signi¬ 
ficantly  below  the  dissociative  plateau  region,  denoted  by  A  +  B  +  C,  so 
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FT*.  2.  PtHentiaJ  energy  surface  V  for  a  colli  new  tri atomic  system  ABC  in  the  distance 
coordinates  of  Fig.  1.  The  solid  curves  are  lines  of  constant  V.  The  dashed  line  is  the  minimum 
energy  path.  The  angle  8  is  given  by  Eq.(l). 


that  the  region  of  configuration  space  sampled  by  the  scattering  wave  func¬ 
tion  is  limited  to  the  relatively  narrow,  curved  gully,  identified  by  the  hatch¬ 
ing  in  Fig.  2,  and  located  between  the  repulsive  walls  of  the  surface  cor¬ 
responding  to  small  values  of  r't  and/or  r’  (for  compressed  configurations) 
and  large  values  of  these  variables  (for  stretched  configurations).  The  line  in 
Fig.  2  that  passes  through  the  origin  and  makes  an  angle  9  with  the  R'm  axis 
is  the  one  for  which  r\  -  0,  i.e*  for  which  A  coincides  with  B.  The  potential 
along  that  line,  as  well  as  along  the  R',  axis,  for  which  r;«0  and  C  coincides 
with  B,  is  quite  large  and  can  be  taken  to  be  infinite  for  the  present  purposes. 
This  leads  to  the  nonpenetrability  of  B  by  either  A  or  C,  and  the  relative 
ordering  of  the  three  atoms  along  the  fixed  straight  line  to  which  they  are 
confined  is  maintained  throughout  their  motion.  The  angle  9,  in  the  range 
x/4  to  x/Z  is  given  by ; 

9  -  tan_l[l  +  mg/mc]  (1) 


and  is  introduced  for  comparison  purposes  with  the  dynamically  important 
angle  0  to  be  considered  in  Fig.  3  and  Eq.  (15). 

If  we  neglect  spin  interactions,  which  are  very  small  compared  with  the 
other  energies  being  considered,  the  nuclear  motion  Hamiltonian,  after 
removal  of  the  motion  of  the  center  of  mass  of  the  system,  can  be  written  in 
terms  of  either  a  or  7  coordinates  as 


H 


k2  d2 
2f*A.ac  &R* 
h2  d2 
2^c»a  dR'j 


h2  d2 


VJiR'„rJ 


h2  d 2 

2^a + 


W.r;) 


(2) 


where 


Pkjc 


m*(at*  +  /He) 


and 


m,/nc 

Um c  m 

m»  +  me 


(3) 
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Fig.  1  Potential  energy  surface  for  a  coi linear  tnaiotmc  system  ABC  in  the  scaled  co¬ 
ordinates  (*..  rj  and  (*,.  rr)  of  Eq.  (10).  The  circular  polar  coordinates  (p,  >)  are  considered  in 
Section  1 1. 1.  The  angles  <i  and  dare  given  by  Eqs.(  1 4)  and  (15).  respectively.  Both  sets  of  axes 
(it,,  r,)  and  (it,.  rT)  arc  in  the  same  plane 


represent,  respectively,  the  reduced  masses  of  the  A  +  BC  and  BC  systems, 
similar  definitions  being  valid  for  r a  and  p**  with  the  roles  of  atoms  A 
and  C  interchanged.  The  symbols  mx  represent  the  masses  of  atoms  X 
O  A,B,C).  The  first  two  terms  in  each  of  the  two  expressions  for  H  given  by 
Eq.  (2)  represent,  respectively,  the  kinetic  energy  of  the  relative  motion  of 
the  atom  with  respect  to  the  center  of  mass  of  the  diatom,  and  of  the  internal 
diatom  vibration.  The  problem  being  considered  is  that  of  obtaining  solutions 
of  the  nuclear  motion  Schrodinger  equation 

H+  -  £*  (4) 


subject  to  the  asymptotic  conditions  appropriate  for  reactive  scattering. 
These  are,  for  A  +  BC  collisions. 


grn  exp +  £  fZ  ap«*UW-.W 


«P  (ikZRW-mrW 


(5) 


The  Hi  -•  oo  behavior  is  that  of  a  BC  molecule  (designated  a),  initially  in 
vibrational  eigenstate  having  vibrational  quantum  number  n't,  and 
approaching  an  atom  A  with  relative  motion  wave  number  kZ>  plus  a 
superposition  of  waves  representing  BC  molecules  receding  from  A  with 
relative  wave  numbers  kZ  and  internal  quantum  states  n,.  The  R'y  -»  ao 
behavior  represents  reactive  product  AB  molecules  in  internal  states-^, 
receding  from  atom  C  with  relative  wave  numbers  Jc^..  Conservation  of 
energy  requires  that 


2^a.ic 


k2k'Z  „  Vk'Z  „ 

r— 1 —  +  Em.-  5— 21  +  E- 
2ma.»c  ^Mc.ia 


£ 


(6) 
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where  the  ElMl  (A  -  a,  7)  are  the  vibrational  energies  associated  with  state 
timiH'i)  and  are  all  referred  to  a  common  origin  of  measuremenr  of  energy.  It 
should  be  noted  that  although  the  EiMx  are  quantized,  the  k'^  are  not,  and 
neither  is  £.  Furthermore,  in  contrast  with  bound-state  problems,  the  value 
of  £  is  assumed  known,  since  we  can  prepare  reagents  in  known  internal 
states  moving  with  respect  to  one  another  with  known  relative  kinetic  energy. 
For  values  of  EUl  >  £,  Eq.  (6)  furnishes  k'£,x  <  0.  The  corresponding  terms 
in  Eq.  (5)  are  said  to  be  associated  with  closed  channels,  and  are  needed  for 
the  mathematical  completeness  of  the  expansions  on  the  right-hand  side. 
The  values  of  k'imx  for  such  channels  are  pure  positive  imaginary,  and  the 
corresponding  exponentials  are  real  negative,  decaying  with  increasing  R, 
or  R'y.  The  complex  coefficient  /£*(A  »  a,  y)  is  called  the  scattering  ampli¬ 
tude  from  initial  state  aoi'  to  final  state  An*.  If  the  latter  is  open,  the  flux 
associated  with  the  corresponding  term  is  »i.J/*2j|2  (where  v’Ux  is  the 
relative  motion  velocity  in  that  channel),  whereas  the  flux  associated  with 
the  initial  collision  term  is  0^.  The  collision  cross  section,  for  this  one- 
physical-dimensional  (1-PD)  world  (which,  however,  is  a  two-mathematical¬ 
dimensional  (2-MD)  world),  for  the  aai,  —  An*  processes,  is  dimensionless 
and  is  a  probability  (see  Eq.  (36)]  given  by  the  ratio  of  those  fluxes: 

FSl  -  (7) 

A  more  convenient  notation  can  be  introduced  by  considering  that  the 
bound  vibrational  wave  functions  differ  significantly  from  zero  only 

over  a  relatively  small  range  of  of  atomic  dimensions.  Furthermore, 
considering  also  C  +  BA  collisions,  Eq.  (5)  can  be  rewritten  as 

V*  ~  I  W  «p(  -  *’u*  Jta)  +  rZ*  expfik'*.* H'*)]**.*(r'*)  (8) 

-to* 

In  this  expression,  Xn\-  denotes  the  initial  state  of  the  reagents  (which  are 
A  +  BC  for  X  ■»  a  and  C  +  BA  for  X  -  y,  where  B  is  always  the  central 
atom),  the  —  sign  indicates  that  we  are  considering  asymptotically  the 
regions  of  configuration  space  in  which  either  R't  —  co  with  r't  finite  or 
Rj  —  oo  with  r'y  finite,  and  6im£x  is  the  Kronecker  symbol,  which  is  unity  if 
X  »  -land  n'v  »  a*  and  vanishes  otherwise.  The  probability  ofthe  Xn\-  —  An* 
process  (with  Xn'v  and  An*  corresponding  to  open  channels)  is  then 

C'-(i»W»i'Ji/C‘'i1  (9) 


B.  Scaled  Coordinates 

A  very  convenient  conceptual  and  computational  simplification  can  be 
achieved  if  we  introduce  a  coordinate  scaling  that  results  in  the  four  reduced 
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masses  in  Eq.  (2)  being  replaced  by  a  single  reduced  mass.  This  can  be  ac¬ 
complished  by  the  scaling  transformations 


R.-O.R'.  r.  -  (flj-'r;  a,  «  (Ma.bc/ Hue)1 '* 

R7  «  ayK,  r,  -  (ary  'r;  a,  -  (Hc.ba/Mba)1'* 


introduced  by  Delves  (1959,  1960).  In  terms  of  the  scaled  coordinates  Rt,  r„ 
and  Ry,  rT,  the  nuclear  motion  Hamiltonian  becomes 

h2  I  d2  d2\ 

H  "  “  lit  \dR*  +  d%)  +  V^R" 
h2  Id2  d2\ 

"  “  2 h  \dR*  +  ft?)  +  V'(*T’ rr)  (1 !) 

The  single  reduced  mass  ft  is  independent  of  whether  we  use  x  or  7  scaled 
coordinates  and  is  given  by  the  expression 

ft  ”  [(«*«« mc)/W]l/2,  M  —  mA  +  mB  +  me  (12) 


where  the  masses  of  the  three  atoms  play  equivalent  roles.  Furthermore,  the 
(/?.,  rj  —  ( rr ,  Ry)  transformation  is  a  2-MD  coordinate-axis  rotation  in  the 
scaled  configuration  space: 


'  Ty  \  /cos  <0 
Ry)  \sin  01 


—sin  at 
cos  at 


(13) 


The  clockwise  rotation  angle  c 0  lies  in  the  0— ir/2  range  and  is  given  by 

at  -  tan"l[(mAmc)/(miAO],,J  (14) 

In  this  scaled  configuration  space  the  (Rm,  rj  and  (rr,  Rr)  systems  of  axes 
are  both  orthogonal  and  can  be  depicted  simultaneously,  as  indicated  in 
Fig.  3.  Under  this  rotation,  the  r,  axis  transforms  into  the  Ry  axis,  and  the  R, 
into  the  rr.  This  interchange  of  the  R  and  r  is  a  peculiarity  of  the  coilinear 
world.  The  important  fact  is  that,  under  the  x  -*  7  transformation  in  the 
scaled  configuration  space,  the  equipotemial  surface  does  not  change  shape; 
this  is  not  the  case  for  the  unsealed  (R'„  r'J  configuration  space. 

As  a  consequence  of  these  properties,  the  nuclear  motion  of  the  ABC 
triatomic  system  on  a  laboratory-fixed  straight  line  is  completely  isomorphic 
with  that  of  a  single  particle  of  mass  ft  moving  in  the  2-MD  scaled  configura¬ 
tion  space  and  subject  to  the  potential  V.  In  particular,  the  skew  angle  9  be¬ 
tween  the  Rt  and  Ry  axes  now  has  dynamic  significance  and  is  given  by 


9  -  tan-,[(mBAf)/(m*mc)],/a 


05) 


86 


Aron  Kuppermann 


An  analogous  isomorphism  property,  as  will  be  seen  in  Section  IIIA,  is 
valid  for  general  reacting  triatomic  or  even  polyatomic  systems  in  the  three- 
dimensional  (3-PD)  world.  This  is  a  very  useful  conceptual  simplification, 
since  it  permits  the  extension  of  the  ideas  developed  for  single-particle  quan¬ 
tum  mechanics  to  multiparticle  systems. 

C.  de  Brogue  Wavelengths  and  Quantum  Effects 

The  WKB  criterion  for  the  absence  of  significant  quantum  effects  in  a 
single-particle  system  states,  in  simple  approximate  language,  that  such  a 
condition  prevails  if  over  one  local  de  Broglie  wavelength  the  relative  change 
in  the  local  wave  number  is  everywhere  small  compared  to  unity.  The 
isomorphism  just  established  indicates  that  for  collinear  triatomic  systems 
the  appropriate  mass  to  be  used  for  establishing  whether  this  criterion  is  or 
is  not  satisfied  is  the  effective  mass  p.  Let  us  consider  several  triatomic  systems 
at  the  same  local  kinetic  energy  T  but  with  different  mass  combinations.  Let 
L  stand  for  a  light  atom  of  mass  m,  and  H  for  a  heavy  atom  of  mass  M.  In 
Table  I  we  display  approximations  to  the  local  de  Broglie  wavelengths  4  in 
units  of  that  for  the  LLL  combination  given  by  2ll*h/(2Tm)m.  We  see  from 
this  table  that  replacing  one  of  three  light  atoms  in  the  LLL  combination  by  a 
heavy  one  only  decreases  the  local  de  Broglie  wavelength  by  about  20  percent, 
a  rather  small  effect.  For  the  LHH  mass  combination,  if  we  set  at  »  1  amu  (for 
hydrogen)  and  M  »  127  amu  (for  iodine),  the  relative  de  Broglie  wavelength 
decreases  by  a  factor  of  about  3.7  compared  to  the  LLL  one.  However,  if  the 
remaining  light  atom  is  the  central  one,  the  skew  angle  given  by  Eq.  (IS) 
decreases  from  60°  to  about  7°,  with  a  resulting  strong  compression  of  scaled 
distances  in  the  saddle-point  region  and,  therefore,  a  substantial  increase  in 
the  gradient  of  the  potential  in  that  region.  As  a  result,  large  quantum  effects 
could  still  exist  in  such  a  system,  in  spite  of  the  presence  of  two  very  heavy 
atoms.  In  the  case  of  electronically  nonadiabatic  reactions,  considered  in 
Section  ILH,  the  potential  energy  function  tends  to  change  very  rapidly  with 
configuration  in  the  vicinity  of  avoided  potential-energy  surface  crossings,  a 


TaMt  I 

Effective  dc  Bkooue  Wavelengths 


Mass  combination 

Approximate  relative  de  Broglie  wavelength 

f  M 

1.0 

LLH 

0.8 

LHH 

0.9  (mlM)'1* 

HHH 

1.0  {miM)"* 
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situation  which  aJso  favors  quantum  effects.  In  particular,  such  effects  were 
shown  to  exist  in  a  simplified  triatomic  collinear  model  for  the  chemilumines¬ 
cent  Ba  +  ON,  —  BaO(a3n)  +  N,  reaction  (Bowman  et  al L,  1976).  There¬ 
fore,  great  care  should  be  exercised  before  concluding  that  quantum  effects  in 
collinear  triatomic  systems  having  one  or  more  heavy  atoms  are  negligible. 

D.  The  Scattering  and  Reactance  Matrices 


Before  attempting  to  solve  Eq.  (4),  subject  to  the  boundary  conditions  of 
Eq.  (8),  it  is  convenient  to  define  the  scattering  matrix  S  and  the  reactance 
matrix  R.  This  permits  us  to  decouple  the  problem  of  obtaining  arbitrary 
solutions  of  the  Schrodinger,  equation  from  the  problem  of  imposing  asymp¬ 
totic  conditions  appropriate  for  collision  processes  on  these  solutions. 

In  the  A  arrangement  channel  region  of  the  scaled  configuration  space 
(Rx  —  x  as  rA  remains  finite)  we  may  expand  the  eigenfunction  in 
the  basis  set  which  is  forced  to  be  complete  and  discrete  by  setting 

the  diatomic  potential  vx(r  J  —  K(RA  -#  ao,  rj  in  that  channel  equal  to  zero 
at  and  beyond  a  value  r,  of  rit  a  region  that  the  scattering  wave  function,  at 
the  energies  considered,  does  not  sample.  We  write 


where 


and 


2 H  drj 


(16) 

+  -  Eiat4ux 

(17) 

■  *  0 

(18) 

*r.a(0) 

Replacement  of  Eq.  (16)  into  Eq.  (4)  with  H  given  by  Eq.  (11),  multiplication 
of  both  s»des  by  <f>;ai(rx),  integration  over  r;  and,  in  the  end,  replacement  of 
I  by  A  leads  to  the  set  of  asymptotic  uncoupled  differential  equations 


*  d'gV? 


2n  dRj 
whose  solutions  can  be  written  as 


(19) 


(20) 


where  the  ^laV  coefficients  are  integration  constants,  vUl  is  the 

channel  velocity  is  the  channel  wave  number  given  by 

*to.-A-,[2rt£-£uu)],,2 


(21) 
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and  J imx  and  are  the  incoming  and  outgoing  waves  given  by 


-  - 

(exp 

[expdkj^JXJ 

for  open  channels  * 
for  closed  channels 

(22) 

Qux(Rd  - 1 

exp (i/cUlXi) 

for  open  channels 
for  closed  channels 

(23) 

The  superscripts  l‘n\-  are  allowed  to  scan  the  same  range  of  values  as  the 
subscripts  i»i.  Eq.  (20)  can  be  put  in  the  matrix  form 

g  -  v  " 

-0B] 

(24) 

where  g,  A,  and  B  are  the  matrices  whose  it »*  row  and  i'n\  column  elements 
are  given,  respectively,  by  gifx‘.  /4  £,*/',  and  Biff'  and  v,  J  and  O  are  diagonal 
matrices  whose  diagonal  elements  are  eUjl,  J  Xmx,  and  respectively. 

We  now  define  the  scattering  matrix  S  by  the  relation 

B  -  SA  (25) 

In  other  words,  S  is  the  matrix  that  upon  left  multiplying  the  matrix  A  of 
incoming  wave  coefficients,  generates  the  matrix  B  of  outgoing  wave  co¬ 
efficients.  This  means  that  if  we  know  what  the  state  and  flux  of  the  reagents 
coming  into  a  collision  is,  the  scattering  matrix  permits  us  to  obtain  the 
states  and  fluxes  of  the  outgoing  products.  This  matrix  has  a  set  of  properties 
that  stems  directly  from  the  mathematical  structure  of  the  SchrSdinger 
equation.  We  state  here  the  more  important  ones.  The  important  review 
article  by  Lane  and  Thomas  (1958)  presents  the  proofs  for  the  three-di¬ 
mensional  case. 

(1)  S  is  unique,  Le^  is  independent  of  the  choice  of  A.  In  other  words,  if 
we  arbitrarily  pick  two  coefficient  matrices  A,  and  A]  that  are  nonsingular, 
the  Schrodinger  equation  forces  the  corresponding  B,  and  B2  to  satisfy  the 
relation  B,  Af 1 2 3  —  B}  A2  *.  S  does,  however,  depend  on  the  total  energy  E  of 
the  system. 

(2)  S  is  symmetric  This  basic  property  leads  to  the  quantum  mechanical 
principle  of  microscopic  reversibility  or  detailed  balancing. 

(3)  The  open  part  S*  of  S,  formed  from  its  open  channel  rows  and  col¬ 
umns,  is  unitary.  This  results  in  conservation  of  particle  flux. 

Equation  (24)  can  also  be  put  in  the  equivalent  form 

g  ~v'u2[^C  -f-  VD]  (26) 

where  g  and  v  have  been  previously  defined,  C  and  D  are  new  integration 
constant  matrices,  and  !f  and  V  are  diagonal  sine  and  cosine  stationary  wave 
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matrices  whose  diagonal  elements  are  given  by 

-  ] 

[sinlk^RJ 

[expdkj.JRJ 

for  open  channels 
for  closed  channels 

(27) 

- 1 

fcos (kU4Ri) 

L*xp(  —  |ki«A|Ri) 

for  open  channels 
for  closed  channels 

(28) 

The  reactance  matrix  R  (sometimes  called  the  K  matrix)  is  defined  by  the 
relation 


D  -  RC  (29) 

It  can  be  shown  (Lane  and  Thomas,  19S8)  to  have  the  following  properties: 

(1)  R  is  unique; 

(2)  R  is  real; 

(3)  the  open  part  R*  of  R  is  symmetric. 

From  Eqs.  (24H29),  the  following  relation  between  R*  and  S°  can  easily  be 
obtained: 

S*  «  (I  +  iR*XI  -  iR*)'1  (30) 

Here  I  stands  for  the  identity  matrix  spanned  by  the  open  row  and  column 
indices  2nA  and  X'n',,-. 

The  sine  and  cosine  standing  waves  associated  with  R  do  not  carry  flux. 
However,  this  matrix  has  the  advantage  of  being  real,  and  calculable  using 
real  quantities  only.  From  it,  the  complex  S’  matrix  can  be  obtained  using 
Eq.  (30X  which  is  equivalent  to 

S’  «  Re  S*  +  i  Im  S’ 

Re  S’  «  (I  -  R*JX1  +  R*2)"  \  Im  S’  -  2R^\  +  R*2)- 1  (31> 

It  can  also  easily  be  shown  that  the  scaled  configuration-space  scattering 
amplitude /£?  [defined  by  the  unprimed  version  of  Eq.  (8)]  is  related  to 
S' by 

/i?  "  (W«’*.)l'lSCv  (32) 

where  the  are  the  scaled  channel  velocities  defined  after  Eq.  (20).  It  is  also 
true  that  the  probabilities  Pi,’*  can  also  be  expressed  in  terms  of  scaled 
channel  quantities  by  an  expression  analogous  to  Eq.  (9): 

Pi.?'  -  (»j->i)l/ii?  l1  (33) 

As  a  result  of  the  last  two  equations  we  have,  finally: 

Pi.?  -  isSM2 


(34) 
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Thus,  once  the  open  part  of  the  scattering  matrix  is  known,  so  are  all  the 
reaction  probabilities  at  the  same  total  energy.  From  the  symmetry  of  S  we 
have 


P?.\.  -  Fir  (35) 

which  is  the  principle  of  microscopic  reversibility  for  this  collinear  system, 
and  from  the  unitarity  of  S*  we  have 

I  Fir  -  i  (36) 

where  the  sum  is  extended  over  the  open  channels.  Equation  (36)  constitutes 
the  property  of  flux  conservation,  and  justifies  the  use  of  the  term  probability 
for  the  quantities  Fir* 

R  Computation  Methodology 

From  the  considerations  of  the  previous  section,  we  conclude  that  to 
determine  the  transition  probabilities  Fi"*\  which  include  the  reactive 
(4  #  A')  as  well  as  the  nonreactive  (4  -  4’)  ones,  it  suffices  to  obtain  the 
reactance  matrix  R  This  in  term  can  be  determined  by  calculating  a  suf¬ 
ficiently  large  number  of  linearly  independent  solutions  of  the  Schrodinger 
equation,  and  putting  the  associated  g  matrix  in  the  form  of  Eq.  (26).  From 
this,  the  square  coefficient  matrices  C  and  D  can  be  obtained,  and  ft  calculated 
from  Eq.  (29)  as  long  as  care  has  been  taken  to  ascertain  that  C  is  nonsingular. 

Over  the  years,  different  approaches  have  been  used  to  obtain  such  linearly 
independent  solutions  of  the  Schrodinger  equation.  Mortensen  and  Pitzer 
(1962),  Mortensen  (1968X  Diestler  and  McKoy  (1968),  Truhlar  and  Kupper- 
mann  ( 1970, 1972),  and  Truhlar  et  aL  ( 1 973)  used  finite  different  methods  and 
Cartesian  coordinates.  McCollough  and  Wyatt  (1969,  1971)  also  used  a 
finite  difference  method,  but  they  solved  the  time-dependent  Schrodinger 
equation.  In  general,  finite  difference  methods  are  computationally  very 
inefficient  and  inappropriate  for  extension  to  problems  of  higher  dimension¬ 
ality.  Another  approach  is  to  solve  the  integral  equation  equivalent  to  Eq.  (4), 
as  developed  by  Sams  and  Khouri  (1969)  and  applied  to  several  systems  by 
Adams  et  aL  (1974).  A  variational  approach  has  been  used  by  Mortensen 
and  Gucwa  (1969),  and  more  recently,  a  finite  element  approach  by  Askar 
et  aL  (1978).  However,  the  most  widely  used  approach  for  accurately  solving 
the  collinear  triatom  Schrodinger  equation  has  been  the  coupled -channel 
(i.e„  close-coupling)  method,  in  one  of  its  several  forms.  The  basic  method 
consists  of  choosing  a  set  of  two  convenient  variables,  x  and  y,  to  describe  the 
configuration  of  the  system.  These  variables  may  be  different  in  different 
regions  of  configuration  space,  but  satisfy  the  central  property  that  for  x 


Quantum  Calculations  of  Reactive  Systems 


91 


equal  to  a  constant  x,  the  potential  energy  function  V(x,  y)  assumes  very  large 
values  for  small  and  for  large  y.  The  wave  function  y)  is  expanded  in 
eigenfunctions  of  a  one-mathematicaJ-dimen^onal  Hamiltonian  in  y  con¬ 
taining  V(x,  y)  and  the  resulting  coupled  ordinary  differential  equations  in 
the  x-dependent  coefficients  are  solved.  Variations  of  this  approach  have 
been  developed  by  Rankin  and  Light  (1969),  Miller  and  Light  (1971), 
Kuppermann  (1970,  1972),  Diestler  (1971),  Johnson  (1972),  and  Light  and 
Walker  (1976),  and  applied  to  a  variety  of  collinear  systems  (Wu  and  Levine, 
1971;  Shipsey,  1973;  Schatz  and  Kuppermann,  1973;  Schatz  er  aL  1973, 
1975a.b:  Baer  and  Kouri,  1974;  Persky  and  Baer,  1974;  Baer  etal^  1974;Baer, 
1974a.b;  Connor  et  aL  1978). 

In  the  present  article  we  will  review,  as  an  illustration,  only  one  of  these 
methods  (Kuppermann,  1970, 1972).  In  this  method,  the  scaled  configuration 
space  is  divided  into  three  regions,  denoted  by  L IL  and  III  in  Fig.  4,  and  called, 
respectively,  the  reagent,  the  strong  interaction,  and  the  product  regions.  In 
each  of  these  regions  different  coordinates  and  different  basis  sets  for  ex¬ 
panding  the  wave  function  are  used.  The  value  of  R,  for  points  P,  and  P2  is 
sufficiently  large  for  F,(R«,rJ  along  the  line  PlP1  to  have  assumed  the  asymp¬ 
totic  behavior  vjj J.  Similarly,  V^Ry,  r,)  along  P*P7  equals  c^r7).  The  point 
P0  is  located  sufficiently  inside  the  dissociated  plateau  region  for  the  wave 
function  to  vanish  along  the  line  P ,  P0  J*7 .  Similarly,  P2  «*  chosen  so  as  to  have 
a  sufficiently  low  value  of  r,  and  P*  of  r,  for  the  wave  function  abiong  the  line 
P2P«P«  to  vanish.  To  integrate  the  Schrodinger  equation,  we  use  the  Cartes¬ 
ian  coordinates  (R„  rj  and  (R,,  ry)  in  regions  I  and  III,  respectively,  and  in 
region  II  the  circular  polar  coordinates  (p,  <j>)  with  origin  P0,  as  indicated  in 


FI*.  4.  Coordinates  and  reports  of  scaled  configuration  space  for  integrating  the  Schro- 
dinger  equation  for  collinear  truiomic  reactions. 
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Fig.  4.  The  nuclear  motion  Hamiltonian  in  terms  of  (R„  r,)  and  (R..  r7)  is 
given  by  Eq.  (11),  whereas  in  the  (p,  <t>)  coordinates  it  is 


H 


1  31 
2 M  L 


i  an 
*7W\ 


+ 


v{p.  4>)  - 


(37) 


We  now  subdivide  region  I  into  n,  subregions  separated  by  lines  of  constant 
R,  at  R.  «  R°,  R*,...,R?  where  R°  =■  Rtl  and  R?  -  R. 0  are,  respectively, 
the  R,  coordinate  of  points  Pt  and  P0  of  Fig.  4.  The  range  of  the  ith  subregion 
is  /t."1  <  R,  <  R't.  For  expanding  the  wave  function  in  that  subregion  we 
choose  as  basis  functions  the  eigenfunctions  <£«.(»■.;  Rt)  of  the  reference 
potential  Rt)  ■»  V(R?,  rj  where  R?  is  a  value  of  R.  belonging  to  the 

ith  subregion,  such  as  its  midpoint.  These  basis  functions  satisfy  the  equations 

[-  £  ^  *?)]*«.(%;  R t)  -  E^R*)*^  (3g) 


where  r„  and  ru  are  the  ra  coordinates  of  points  /*,  and  Px,  respectively. 
The  E^JiR")  are  the  energy  levels  of  the  local  transverse  vibration  at 
R,  »  R“,  and  the  local  basis  set  <t>^J.rm,  Rt)  furnishes  a  better  representation 
of  the  scattering  wave  functions  than  do  the  diatom  eigenfunctions  ifrmj.r,; 
R,  —  ao  X  We  now  expand  those  wave  functions  according  to 

+l'm*  -  I  9 £?  (*,;  Rt)  (39) 

«• 


Substituting  this  expression  into  Eq.  (4)  with  H  given  by  the  first  pan  of 
Eq.  (1 IX  multiplying  both  sides  by  Rt)  and  integrating  over  r,  from 

rsl  to  rtl  leads  to  the  following  set  of  coupled  equations,  written  in  matrix 
form: 

-  ^  +  V‘(R.;  RD9'  -  E'fRDg1  (40) 

All  matrices  appearing  in  this  equation  are  square,  with  dimensions  equal  to 
the  number  of  terms  N  used  in  expansion  (39).  Although  in  principle  this 
expansion  should  be  infinite,  it  is  truncated  at  a  finite  N,  which  is  greater  than 
the  number  of  open  channels  at  the  energy  being  considered  fi.e_  expansion 
(39)  includes  closed  channels],  and  convergence  with  respect  to  increasing 
N  is  determined  numerically.  The  elements  of  g‘  are  the  with  n,  and 
ni-  the  row  and  column  indices,  respectively.  E1  is  the  diagonal  matrix  whose 
diagonal  elements  are  E  -  E„,(R").  Finally,  V1  is  the  interaction  potential 
matrix  whose  n„  n,  element  is  given  by 

y^R..  R7)  -  <*„(r.;  RT) I  K(R„  rj  -  VJiR*  Rt )> 


(41) 
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The  Schrodinger  equation  is  integrated  in  region  I  for  N  independent  solu¬ 
tions  by  choosing  g^R,, ;  “dgo  and  <fg‘(fl,i ;  Ri°)/dR,  *  g<,  arbitrarily, 
but  not  simultaneously  zero.  One  such  choice  is  to  make  the  first  equal  to  the 
identity  matrix  and  the  second  equal  to  the  null  matrix.  This  corresponds 
to  a  choice  of  initial  conditions  at  the  starting  value  Rtl  of  R,.  We  then 
integrate  the  coupled  equations  (40)  through  subregion  1,  change  to  the  basis 
set  for  subregion  2  at  the  boundary  between  these  subregions,  and  continue 
in  this  manner  until  we  reach  the  end  of  region  I.  The  change  in  vibrational 
basis  sets  at  the  boundary  between  subregions  i  and  i  +  1  is  accomplished  by 
imposing  the  condition  that  the  wave  function  tfr4  and  its  derivative  with 
respect  to  It.  be  continuous  at  that  boundary.  This  results  in  the  relations 


dgKRi;  #.*'■•)  cldg\Rl^) 

o(  * 


dR. 


dR. 


(42) 


where  S{  is  the  overlap  matrix  between  the  basis  functions  for  subregions  i 
and  i  +  1,  its  n,,  n,  element  being  given  by 

s£  -  <*-.('.;  R‘S ,  *)l (r.;  RT)>  (43) 

If  the  expansion  (39)  were  complete  Sj  would  be  orthogonal.  For  the  trun¬ 
cated  expansions  required  by  practical  considerations,  it  still  must  be  nearly 
orthogonal  in  order  for  the  scattering  matrix  that  results  at  the  end  to  satisfy 
flux  conservation  with  acceptable  accuracy. 

Proceeding  to  region  II,  it  is  also  subdivided  into  subregions  by  lines  of 
constant  <0  at  <£  —  <p°,  . . . ,  where  <p°  -  0  and  <£""  —  <t> _ are.  re¬ 

spectively,  the  coordinate  of  points  Pj  and  P5.  In  analogy  with  region  7, 
the  range  of  the  ith  subregion  is  <t>‘~ 1  <  <t>  <  4>‘.  We  note  that  cuts  of  the 
potential  energy  function  V{p,  <fi)  along  lines  of  constant  <t>,  when  plotted  as  a 
function  of  p,  have  the  shape  of  diatomic  molecule  potential  energy  functions. 
This  is  a  crucial  property,  which  not  only  serves  as  a  fundamental  basis  for 
reactive  scattering  calculations,  but  has  also  been  historically  used  by 
Eyring  (1935)  as  a  basic  justification  for  transition  state  theory.  We  make  use 
of  this  characteristic  behavior  by  choosing  as  basis  functions  for  the  ith 
subregion  the  eigenfunctions  0n.(p;  0**)  of  the  reference  potential  K£«(p;  <f>“) 
*  V(p,  where  <£“  is  a  value  of  <t>  in  that  subregion.  These  functions  are 
defined  by  the  eigenvalue  equation 

[-  ^  £i  +  Op;  **)]*n.(p;  *?)  -  E^nt*.  (44) 

and  the  boundary  conditions 

•MpL,;  **)  -  <MP  -  o;  **)  -  0 


(45) 
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where  oL- ,  is  the  value  of  p  for  the  intersection  point  between  the  4  —  line 
and  the  line  P}PtPi.  As  in  region  I,  <t>n,  and  £,u  are  local  transverse  vibra¬ 
tional  eigenfunctions  and  eigenvalues  that  lead  to  a  much  more  rapidly 
converging  expansion  of  the  scattering  wave  function  in  subregion  Ilf  than 
would  the  eigenfunctions  of  the  isolated  diatom  reagent  or  product 
We  now  expand  that  wave  function  according  to 

V*  •p~'11 1  4>*)  (46) 

Substituting  this  expression  into  Eq.  (4)  with  H  given  by  Eq.  (37)  and  pro¬ 
ceeding  analogously  to  region  I,  we  obtain  the  following  matrix  differential 
equation: 

l2  jj_a 

-  +  pV)VV;  *“)gD  -  p2Ea  «f>*)ga  (47) 

All  the  matrixes  in  this  expression  are  N  x  N  square  matrices,  with  the  same 
dimensions  as  those  in  Eq.  (40).  The  elements  of  g11  are  the  with  n 
and  n  j-  the  row  and  column  indices,  respectively ;  p J,  V",  and  E“  are  defined  by 

-  <M>;  <t>^\P2\4^ip:  <T)> 

yf  (*;  <t>~)  -  (fwtp;  **)  |  V{p,  <(>)  -  K(P.  <j>*)  -  ^.(p:  4^  (48) 

W  -  W  -  £*<**)] 

The  condition  that  at  the  boundary  between  regions  I  and  II,  4ruX‘  and 
its  derivative  with  respect  to  R „  are  continuous,  leads  to  the  following  relations 
between  the  initial  values  of  g°  or  its  4  derivative  and  the  final  values  of  g1 
or  its  R,  derivative: 

g"(*  -  0;  *'•)  -  p*'V(KI0;  R~) 

-  0;  *l0)Vd<t>  -  -  pil2[dg\R„  RV)/dRJ  '  ‘ 

where 

ft  -  <<Mp;  *"')lP*l*o.(r.,  -  p;  *D>.  b  -  J, }  (50) 

The  change  in  vibrational  basis  set  at  the  boundary  between  subregions 
III  and  Ili  +  1  is  accomplished  by  equations  analogous  to  (42)  and  (43). 
Using  them  and  Eq.  (49)  we  can  integrate  Eq.  (47)  from  the  beginning  through 
the  end  of  region  IL 

For  region  III  we  use  equations  analogous  to  (38H43)  with  I  and  a 
replaced  by  III  and  y,  respectively,  and  other  obvious  notational  changes. 
At  the  boundary  between  regions  II  and  III.  equations  analogous  to  (49) 
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are  applicable,  with  a  plus  rather  than  a  minus  sign  in  the  right-hand  side  of 
the  second  of  these  equations  to  indicate  that  both  <(>  and  R,  increase  in  the 
direction  of  integration. 

With  the  help  of  this  procedure,  we  can  integrate  the  Schrodinger  equation 
from  the  beginning  of  region  I  to  the  end  of  region  III.  The  numerical  method 
used  for  integrating  the  coupled  second-order  differential  equations  (40),  (47), 
and  the  region  III  equivalent  of  (40),  is  arbitrary.  It  should,  however,  be  an 
efficient  method,  because  otherwise  the  computation  time  may  be  excessive, 
since  it  grows  with  the  cube  of  the  number  N  of  coupled  equations.  Three  such 
methods  commonly  used  are  those  of  Gordon  (1969),  Magnus  (Light. 
1971.  and  Light  and  Walker  (1976). 

A  numerical  complication  that  should  be  mentioned  is  that  due  to  the 
necessary  inclusion  of  closed  channels  in  the  expansion  of  the  columns 
of  the  g  matrices  tend  to  become  linearly  dependent,  as  the  integration 
proceeds,  thereby  destroying  the  needed  linear  independence  of  the  ifr***'. 
This  can  be  avoided  by  reorthogonaiization  procedures,  one  of  which  in¬ 
volves  right  multiplying  g  and  g'  by  g~  \  which  means  continuing  the  inte¬ 
gration  with  gM  —  I  and  g^,  —  g  g-1.  This  corresponds  to  obtaining 
solutions  with  the  modified  initial  conditions  go*.,  *  gofl-1  and  g^  — 
g{,g*‘.  Each  time  a  reorthogonaiization  procedure  is  performed  anywhere 
in  regions  L  IL  or  III,  the  initial  conditions  of  region  I  must  be  modified 
accordingly.  The  efficient  integration  method  recently  developed  by  Light 
and  Walker  (1976)  has  elegantly  bypassed  this  complication. 

Let  us  label  by  g®  the  final  g®  matrix  at  the  end  of  region  III  and  by  gj> 
the  corresponding  (modified)  initial  g1  matrix  at  the  beginning  of  region  I, 
and  let  us  use  an  equivalent  notation  for  the  derivatives  with  respect  to  R. 
and  Rm,  respectively.  Similarly,  let  us  perform  integrations  of  the  Schrodinger 
equation  starting  at  the  beginning  of  region  III  (i.e^  line  PtP1  of  Fig.  4)  and 
terminating  at  the  end  of  region  I  (line  PxPi).  Let  g®  and  g}  be  the  cor¬ 
responding  initial  and  final  matrices,  with  a  similar  notation  for  their  de¬ 
rivatives.  With  the  help  of  these  several  matrices  we  can  determine  the  R 
matrix  as  follows. 

We  define  the  global  g  and  g'  matrices  by 


Since  along  lines  and  F4P7,  the  potential  function  V  has  assumed  its 
asymptotic  behavior  vjfrJ  and  v7(r,),  respectively,  g  must  have  assumed  the 
form  given  by  Eq.  (26): 


g  •  v  “  l,1[£PQ  +  VO] 


(52) 
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Similarly,  its  derivative  must  be  given  by 

g' +  <TD]  (53) 

where  and  are  the  diagonal  matrices  whose  diagonal  elements  are  the 
derivatives  with  respect  to  Rx  of  Eq.  (27)  and  (28),  evaluated,  as  are  Sf  and 
V,  at  .R,  ■  R«,  and  &,  «  Ry1. 

In  Eqs.  (52)  and  (53),  all  matrices  except  C  and  0  are  now  known.  From 
these  equations  we  can  therefore  obtain  these  unknowns  and  from  them  R  by 
using  Eq.  (29).  From  the  open  part  R*  of  R  we  obtain  S*  from  either  Eq.  (30) 
or  Eq.  (31X  and  finally  the  transition  probabilities  ?£,"/'  by  using  Eq.  (34). 
In  this  manner,  once  V  is  given,  these  probabilities  can  be  calculated. 

F.  The  Hydrogen  Atom-Hydrogen  Molecule  Exchange  Reaction 

Because  of  the  relative  ease  in  calculating  the  potential  energy  function 
for  the  Hj  system  and  because  of  the  quantum  nature  of  this  system,  it  has 
been  investigated  extensively  in  the  collinear  approximation.  Accurate 
quantum  calculations  have  been  performed  by  Truhiar  and  Kuppermann 
(1970, 1972),  Schatz  and  Kuppermann  (1973),  Diestler  (1971),  and  Johnson 
(1972),  and  compared  with  classical  and  semiclassical  calculations  by 
Bowman  and  Kuppermann  (1973a,bX  We  will  summarize  here  some  of  the 
more  important  results. 

In  this  collinear  model,  the  three  H  atoms  are  assumed  to  be  distinguish¬ 
able,  due  to  their  fixed  ordering  on  the  straight  line  to  which  they  are  confined, 
as  indicated  just  before  Eq.  (IX  The  scattering  wave  function  is  therefore  not 
forced  to  be  antisymmetric  with  respect  to  the  exchange  of  any  two  of  the 
three  nuclei.  In  the  three-dimensional  calculations,  to  be  described  in 
Section  IH,  it  is  necessary  to  impose  the  Pauli  principle  on  the  scattering  wave 
function,  since  we  are  then  dealing  with  the  real  world.  However,  in  the 
fictitious  collinear  world,  we  are  free  to  define  a  model  in  which  the  atoms  are 
distinguishable.  An  alternate  model,  not  considered  here,  would  be  to  impose 
the  Pauli  principle  on  the  nuclear  motion  in  the  collinear  world  also,  in 
analogy  to  the  3-PD  conditions.  For  facility  of  comparison  with  classical 
calculations  and  conceptual  simplicity,  this  was  not  done  in  the  present 
calculations. 

1.  Reaction  Probabilities  and  Rate  Constants 

Let  Pi-  represent  the  probability  of  the  reactive  process  H  +  H2(n)  -* 
Hj(n')  +  H.  In  Fig.  5  we  display  the  results  of  the  exact  quantum  mechanical 
(EQ)  calculations  of  the  reaction  probabilities  Poo  for  the  scaled  SSMK 
potential  energy  surface  (Shavitt  et  aU  1968X  as  a  function  of  the  total  energy 
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Ft*.  &  Uniform  icmklusical  (totid  curve),  exact  quantum  (daihed  curve),  and  quaa- 
ctaniral  (dashed-dotted  curve)  fJe  transition  probabilities  as  a  function  of  total  energy  £  and 
initial  relative  kinetic  energy  £,  for  the  H  +  H^O)  —  H,(0)  +■  H  coilinear  reaction. 


£  and  the  initial  relative  translational  energy  £„  (Truhlar  and  Kuppermann, 
1970,  1972;  Bowman  and  Kuppermann,  1973a,b).  Also  shown  are  the  cor¬ 
responding  quasi-classical  trajectory  (QC)  and  uniform  semiclassical  (USQ 
probabi  iities.  The  arrows  on  the  lower  abscissa  designate  the  energies  at  which 
the  excited  vibrational  states  n  »  l,  2  become  energetically  accessible. 

The  USC  values  are  a  better  approximation  to  the  EQ  values  than  are  the 
QC  results  at  total  energies  between  1.0  and  1.2  eV,  but  deviate  rapidly  from 
the  exact  values  as  £  decreases  below  0.85  eV.  The  strong  resonance  oscil¬ 
lation  occurring  around  £  *  0.9  eV  in  the  EQ  curve  is  barely  perceptible  in 
the  USC  curve.  In  addition,  the  very  sharp  resonance  behavior  in  the  EQ 
curve  at  1.27  eV  is  not  reproduced  by  the  USC  calculations.  Stine  and 
Marcus  (1974)  have  been  able  to  reproduce,  by  a  semiclassical  technique, 
the  EQ  resonance  at  0.9  eV.  At  energies  at  which  no  classical  trajectories 
exist,  the  USC  theory  used  in  these  calculations  (Miller,  1970a,b;  Bowman 
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n*.i  Ratio  of  the  complex -irijeciory.  lemidaisicaJ  reaction  probability  10  ,hc  exact 
quantum  reaction  probability  no  lor  very  tow  initial  translational  eacrpes  £,  for  the  H  *■ 
H](0l  —  Hj(Ql  -v  H  coUincar  reaction. 

and  Kuppermann,  I973a.b),  furnishes  a  zero  reaction  probability.  This  is  the 
case  at  total  energies  below  that  of  the  saddle  point,  for  which  the  reaction 
precedes  entirely  by  tunneling. 

Miller  and  George  (1972)  have  used  a  complex  trajectory  scmiciassical 
method  to  overcome  this  difficulty.  In  Fig.  6  we  display  the  ratio  of  their 
probabilities,  P £  (for  n  -  Q,  n'  ■  0).  to  the  corresponding  EQ  ones.  F&j- 
as  a  function  of  translational  energy  £0,  for  the  Porter- Karplus  (1964) 
surface  (Bowman  and  Kuppermann,  1973a.b).  It  can  be  seen  that  over  the 
translational  energy  range  of  0.02-0.2  eV,  of  importance  for  tunneling  pro¬ 
cesses.  the  SC  reaction  probabilities  range  from  0.65  to  0.87  of  the  accurate 
ones.  This  is  a  major  improvement  over  the  real  trajectory  USC  method,  but 
it  also  indicates  that  this  complex-trajectory  SC  method  still  significantly 
underestimates  the  effect  of  tunneling.  The  steep  rise  in  the  P$c/Peq  ratio 
above  £q  —  0.2  eV  may  be  indicative  of  the  same  kind  of  divergent  behavior 
as  the  one  shown  in  Fig.  5  by  the  Pj o  USC  curve. 

In  Fig.  7  we  display  the  EQ  total  reaction  probabilities  P*  from  the  initial 
state  it  of  the  reagents  to  all  accessible  final  states  of  the  products,  for  the 
scaled  SSMK  surface,  for  it  -  0, 1, 2  (Truhlar  and  Kupperman,  1972).  (The 
dashed  portions  of  these  curves  around  the  resonance  at  £  *  1.28  eV  are 
inaccurate;  the  resonance  structure  is  sharper  than  indicated  and  is  correctly 
given  in  Fig.  5.)  The  threshold  for  production  of  H2  molecules  in  their  first 
vtbrationaJIy  excited  state  is  £  *  0.79  eV.  From  that  energy  to  0.89  eV, 
vibrationally  excited  reagents  have  a  vibrational  energy  of  0.79  eV  and 
0.0-0. 1  eV  translational  energy,  whereas  ground  vibrational  state  reagents 
have  0.27  eV  vibrational  energy  and  0.52-0.62  eV  translational  energy. 
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Hf-7.  Total  reaction  probabilities  Pf  (n  -  0. 1. 2)  as  a  function  of  total  energy  £  and  initial 
relative  kinetic  energy  £.  for  ground  state  (a  —  Ok  first  excited  stale  (it  -  Ik  and  second  excited 
state  (a  *  2)  reagents  for  the  coilinear  H  +  —  H5  +  H  reaction. 


Figure  7  shows  that  for  this  energy  region,  the  probability  of  reaction  is 
greater  for  ground  state  reagents.  This  illustrates  that  it  is  not  necessary 
merely  to  have  enough  energy  to  react,  but  that  the  energy  must  be  dynamic¬ 
ally  available  to  overcome  the  barrier.  Apparently  the  dynamics  of  this  system 
require  that  more  of  the  vibrational  energy  be  tied  up  as  motion  transverse 
to  the  curved  reaction  path  when  the  reagent  has  a  greater  fraction  of  the 
energy  in  this  transverse  mode.  This  indicates  a  tendency  toward  vibrational 
adiabaticity  in  this  mode.  The  effective  translational  energy  reaction  thres¬ 
hold  for  ground  state  reagents  is  0.2S  eV,  corresponding  to  a  total  energy  of 
0.52  eV.  Since  the  barrier  height  is  0.42  eV,  the  translational  energy  for  this 
effective  threshold,  measured  with  respect  to  the  top  of  the  barrier,  is  0.1  eV. 
For  n  »  1  and  2  (for  which  £  is  already  above  the  barrier  height  even  for  zero 
translational  energy),  the  effective  translational  threshold  energies  are  0.08  eV 
and  less  than  0.03  eV,  respectively.  The  difference  between  the  translational 
thresholds  of  0.25  and  0.08  eV  for  n  ■  0  and  n  »  1  results  in  a  translationally 
thermal  rate  constant  kJ^T)  that,  at  room  temperature,  is  about  440  times 
greater  for  n  —  1  than  for  n  »  0.  In  Fig.  8  we  display  Arrhenius  plots  of  the 
total  rate  constant  k(T)  calculated  from  the  EQ  reaction  probabilities 
(dashed  curve,  left  ordinate),  the  k,(T)  rate  constant  (dotted  curve,  right 
ordinate),  computed  from  the  P,  reaction  probabilities,  and  the  Arrhenius 
straight-line  fit  to  the  high-temperature  data  (solid  curve,  left  ordinate). 
Over  the  entire  temperature  range  considered,  k(T)  =»  k0(T)  to  within  3 
percent  because  of  the  very  small  fractional  thermal  population  of  vibra- 
tionally  excited  reagents  at  those  temperatures.  Comparison  of  the  k(T) 
~  kc(T)  and  kx(T)  Arrhenius  plots  indicates  the  effectiveness  of  vibrational 
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Fig.  i.  Aocunue  rut  ooosunt  HT)  for  *  Boltzmann  distribution  of  vibrational  levels 
(only  a  •  Oanda  -  1  are  important  in  ibis  energy  range)  versus  reciprocal  temperature  (dashed 
curve,  left  ordinate)  for  the  colli  near  H  +  Hj  —  Hj  ♦  H  reaction.  The  dotted  curve  is  k,(T) 
(right  ordinate)  and  the  solid  curve  (left  ordinate)  is  the  Arrhenius  straight-line  fit  to  the  high- 
temperature  U.T). 

energy  in  overcoming  the  barrier.  The  curvature  of  the  k(T)  plot  is  related  to 
tunneling  effects  and  is  discussed  in  the  next  section. 

2.  Tunneling  Effects 

The  dynamics  of  the  reaction  from  n  »  0  occurring  in  the  threshold  energy 
region  can  be  elucidated  with  the  help  of  the  probability  current  density  and 
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its  streamlines.  For  a  Hamiltonian  of  the  form  of  Eq.  ( 1 1 )  the  probability 
current  density  vector  in  the  2-MD  configuration  space  is  defined  as 


^*<*1.  r. J  -  Ref^vf,  **')  (54) 

where 


fi\  i  dRx  i  drj 


and  Sj  and  fA  are  the  unit  vectors  along  the  Rx  and  rx  Cartesian  axes  and  irfr*** 
is  the  solution  of  the  Schrodinger  equation  satisfying  the  asymptotic  scatter* 
ing  conditions  of  the  type  of  Eq.  (8)  (with  inx  and  A'ni-  interchanged). 

The  streamlines  of  j^1  are  curves  in  configuration  space,  which  at  every 
point  P(RX,  rj  in  that  space  are  tangent  to  the  j**4  vector  at  that  point.  They 
satisfy  the  condition  that  the  flux  of  j  normal  to  a  line  Ll2  connecting  a  point 
F,  on  one  streamline  S,  to  a  point  P2  on  another  streamline  S2  is  inde¬ 
pendent  of  where  along  those  two  streamlines  Px  and  P2  are  chosen,  and  of 
the  shape  of  Lxl.  For  this  reason,  we  can  say  that  each  streamline  carries 
with  it  an  element  of  flux.  In  particular,  if  F,  is  chosen  to  lie  in  the  steep 
repulsive  region  of  configuration  space  and  P2  in  the  plateau  region  [such 
that  ^i'*(FI)  *»  t^Pi)  »  0],  then  the  flux  J**  through  L,z  is  just  the 
product  of  the  total  reaction  probability  times  the  incident  flux  If  we 
write  the  incident  wave  as  A  apiik^R  is  equal  to 


Jfc  -  Ml***. 

f  Lx  dL  .P»*J&' 


(55) 

(56) 


where  dL  is  a  vector  element  perpendicular  to  Lx2.  In  Figs.  9  and  10  we  dis¬ 
play,  respectively,  streamlines  of  probability  current  density  and  profiles  of 
the  component  of  j°  normal  to  various  straight-line  cuts  along  the  streamline 
field,  for  the  H  +  Hz(0)  -*  H2  +  H  reaction  on  the  SSMK  surface  (Kupper- 
mann  et  aL,  1974).  In  Fig.  9,  the  j°  at  every  point  is  represented  by  a  curved 
arrow  starting  at  that  point  and  whose  length  is  proportional  to  the  magnitude 
of  j°.  The  solid  lines  are  equipotentials  of  V,  the  values  of  which  are  given 
in  electron  volts  at  the  lower  right  part  of  the  figure.  The  equipotentials 
labeled  £  correspond  to  the  energy  0.470  eV  of  the  calculation.  Therefore, 
any  classical  trajectory  at  that  energy  would  have  to  be  confined  to  the  region 
of  configuration  space  between  those  two  equipotentials.  It  can  be  seen, 
however,  that  the  streamlines  cut  those  classical  margins,  penetrating  into 
regions  of  configuration  space  that  are  classically  inaccessible  and  carrying 
with  them  tunneling  flux.  A  quantitative  definition  of  a  tunneling  coefficient 
y  can  now  be  introduced  as  follows.  Let  us  consider  the  short-dashed  lines 


Fit.  9.  Streamlines  of  probability  current  density  (curves  made  up  of  arrows)  Tor  the 
collinear  H  +  H,(0)  —  H,  +  H  reaction.  The  length  of  the  arrows  is  proportional  to  the 
magnitude  of  the  probability  density  vector.  The  solid  lines  are  equipotentials  at  the  energies, 
whose  values,  in  eV.  are  given  in  the  lower  right  part  and  upper  middle  part  of  the  figure.  The 
curves  labeled  £  are  equipotentials  at  the  total  collision  energy  of 0.470  eV.  The  minimum  energy 
path  is  also  indicated  by  a  dashed  line.  The  abscissa  x,  is  the  Delves  coordinate  R,  multiplied  by 
(Mr'ltur)"1'  whereas  the  ordinate  t,  is  r,  divided  by  that  factor. 

of  Fig.  10.  These  are  limiting  streamlines  that  are  each  tangent  to  one  of  the 
two  E  -  0.470  eV  equipotentials.  Any  other  streamline  in  between  these 
never  penetrates  into  classically  forbidden  regions  of  configuration  space, 
whereas  any  streamline  outside  this  band  necessarily  penetrates  into  such 
forbidden  regions.  The  total  reactive  flux  carried  by  the  latter  streamlines  will 
be  defined  as  the  tunneling  flux  and  the  ratio  of  it  to  the  incident  flux 
will  be  called  the  tunneling  coefficient  y*“\  The  product  of  /“*  by  the 
total  reaction  probability  is  by  definition  the  tunneling  probability  P£i- 
Therefore, 


7**  -  J£/J&  -  P&/P*' 


(57) 


*&.**>.*  * 

mr./  ////// 
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Fif.  10.  Reactive  flux  for  the  coilinear  H  +  Hj(0)  —  H2  +  H  reaction.  The  bdl-shaped 
curvet  repretent  the  component  of  probability  current  density  normal  to  the  segments  of  straight 
line  to  which  they  are  tangent  asymptotically.  The  remaining  lines  and  coordinates  are  the 
same  as  for  Fig  9.  The  short,  dashed  lines  are  streamlines  tangent  to  the  0.470-eV  equi potential 
curves  labeled  £. 


The  bell-shaped  curves  of  Fig.  10  represent  the  profiles  of  the  component 
of  j°  normal  to  the  cuts  indicated  by  the  segments  of  straight  line.  The  areas 
between  those  curves  and  the  corresponding  straight  lines  are  all  equal  to 
each  other  and  equal  to  the  product  of  the  reaction  probability  P$  by  the 
incident  flux  J01**.  Furthermore,  the  areas  under  the  bell-shaped  curves 
outside  of  the  region  between  the  limiting  streamlines  are  also  the  same  for 
all  cuts  and  are  equal  to  the  tunneling  flux.  It  can  readily  be  seen  that  at 
the  energy  £  »  0.470  eV  considered  in  this  figure,  over  50%  of  the  total 
reactive  flux  is  due  to  tunneling.  This  is  somewhat  surprising,  since  this 
energy  is  0.046  eV  above  the  barrier  height  of  0.424  eV.  This  indicates  that 
cutting  across  the  corner  of  the  potential  energy  surface  is  a  preferred  reaction 
pathway  at  these  energies.  In  Figs.  11  and  12  we  represent,  respectively,  the 
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Fit  11.  Tunneling  coefficient  versus  initial  relative  translational  energy  E,  and  total 
energy  £  for  the  collinear  H  •+•  H 2(0)  —  Hj  +•  H  reaction.  The  arrows  on  the  abscissa  indicate 
the  energies  of  the  barrier  top  and  of  the  first  vibration  ally  excited  H,  state. 


tunneling  coefficients  y  and  the  tunneling  and  nontunneiing  reaction  prob¬ 
abilities  as  a  function  of  relative  translational  and  total  energy  for  the 
H  +  Hj(0)  +  H  reaction  on  the  scaled  SSMK  surface  (Kuppermann 

tt  aL ,  1973  ;  A.  Kuppermann,  J.  T.  Adams,  and  D.  G.  Truhlar,  unpublished 

results,  1973).  In  Fig.  1 1,  v< _ represents  the  tunneling  coefficient  associated 

with  the  streamlines  that  penetrate  into  the  classically  forbidden  region  to 
the  left  of  the  left-limiting  streamline  (the  direction  of  the  j  vectors  being  used 
to  define  left  and  right);  that  associated  with  the  streamlines  to  the 


Quantum  Calculations  of  Reactive  Systems 


105 


E  (ev) 

0.4  0.6  o.e 


Ftg.  12.  Etic.  quantum  reaction  probability  Pj,  quasi  .cUistcal  reaction  probability  Pj.,. 
tunneling  reaction  probability  yPj,  and  nontunneling  reaction  probability  (I  -  7 )Pj  a*  a  func¬ 
tion  of  initial  relative  translational  energy  E,  and  total  energy  £  for  the  collinear  H  +  H,(0)  — 
H,  +  H  reaction.  The  arrows  on  the  abscissa  have  the  same  meaning  as  in  Fig.  1 1. 

right  of  the  right-limiting  streamline:  and  y,*.,,  the  sum  y  of  yim„  and  y*,,.,. 
In  Fig.  12  we  represent,  as  functions  of  energy,  the  EQ  reaction  probability 
Pg,  the  QC  reaction  probability  /*JL  •  the  total  tunneling  reaction  probability 
yPg  and  the  aontuaneting  reaction  probability  (l  -  y >P*.  We  see  that  at  an 
initial  relative  translational  energy  of  OJO  eV  (which  is  about  0.15  eV  above 
the  top  of  the  barrier,  and  corresponds  to  the  average  translational  energy  of 
a  collinear  thermal  distribution  at  about  3600  K),  the  tunneling  coefficient 
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has  the  surprisingly  high  value  of  about  0.29.  Since  the  total  reaction  prob¬ 
ability  at  that  energy  is  about  0.93,  the  tunneling  contribution  to  the  reaction 
probability  is  approximately  0.27.  This  should  manifest  itself  in  the  values  of 
the  rate  constants. 

Since  the  total  reaction  probability  has  been  decomposed,  by  the  stream¬ 
line  analysis,  into  tunneling  and  nontunneling  contributions,  the  corre¬ 
sponding  collinear  rate  constants  (Truhlar  and  Kuppermann,  1972)  can  also 
be  expressed  as  the  sum  of  a  tunneling  and  a  nontunneling  contribution.  In 
Fig.  13  we  display  Arrhenius  plots  of  the  total  rate  constant  k  and  the  tun¬ 
neling  rate  constant  k,„  (left  ordinate  scale),  as  well  as  a  linear  plot  of  the 
ratio  kxwJk  (right  ordinate  scale)  as  a  function  of  reciprocal  temperature.  It 
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Fit  13.  Arrhenius  plots  of  the  total  rale  constant  k  and  the  tunneling  rate  constant 
(left-ordinate  scale  for  both)  for  the  H  +  Hj  —  H,  +•  H  collinear  reaction.  The  curve  labeled 
k^Jk  represents  their  ratio  (right-ordinate  scate). 
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can  be  seen  that  at  room  temperature  about  55  percent  of  the  rate  constant  is 
due  to  tunneling  processes,  and  even  at  1000  K  about  25  %  of  the  rate  constant 
comes  from  tunneling  contributions.  Furthermore,  between  1000  and  400  K 
the  Arrhenius  plot  of  k(T)  is  a  straight  line,  and  nevertheless,  over  that  tem¬ 
perature  range,  the  tunneling  contribution  to  that  rate  constant  lies  between 
25  and  43  %.  At  lower  temperatures,  when  the  effect  of  tunneling  is  even  higher, 
the  Arrhenius  plot  of  k(T)  shows  substantial  curvature.  We  conclude  that  in 
this  system,  curvature  in  the  Arrhenius  plot  of  the  total  rate  constant  is  not  a 
necessary  condition  for  substantial  tunneling.  The  reason  is  that  the  Arrhenius 
plot  of  the  tunneling  rate  constant  is  also  a  straight  line  over  a  substantial 
temperature  range.  Therefore,  tunneling  processes  in  both  the  collinear  and 
three-dimensional  worlds  may  be  substantially  greater  than  would  be  in¬ 
dicated  by  the  criterion  of  Arrhenius  plot  curvature. 

3.  Dynamic  Resonances 

The  EQ  reaction  probability  versus  energy  curve  of  Fig.  5  displays  two 
pronounced  oscillations,  at  relative  translational  energies  of  about  0.62  and 
1.06  eV.  These  oscillations  are  due  to  the  quantum  mechanical  interference 
between  direct  reaction  and  dynamic  resonance  mechanisms,  in  which 
energy  is  trapped  in  internal  degrees  of  freedom  of  the  system  (Schatz  and 
Kuppermann,  1973).  For  the  1.06-eV  resonance,  the  trapping  degree  of 
freedom  is  mainly  due  to  the  mode  of  motion  transverse  to  the  minimum 
energy  path  (Schatz  and  Kuppermann.  1975;  Schatz.  1976;  G.  C.  Schatz  and 
A.  Kuppermann.  unpublished  results,  1975).  However,  the  one  at  0.62  eV 
seems  to  be  due.  at  least  in  significant  part,  to  the  trapping  of  energy  in  a 
longitudinal  mode  of  motion,  partly  along  the  minimum  energy  path,  with 
the  repulsive  walls  associated  with  the  skew  axis  acting  as  partial  reflectors 
(Dwyer.  1978;  Kuppermann  and  Dwyer,  1979;  Kuppermann,  1981).  This 
corresponds  to  an  asymmetric  stretch  virtual  mode  at  the  saddle  point 
whereas  the  1.06-eV  resonance  corresponds  mainly  to  a  symmetric  stretch 
virtual  mode,  as  depicted  in  Fig.  14  by  the  two  orthogonal  lines  passing 
through  the  saddle  point.  This  suggests  that  these  resonances  may  cor¬ 
respond  to  the  virtual  state  vibrational  spectroscopy  of  the  saddle-point 
region,  and  that  the  energies  at  which  they  occur  may  be  related  to  the 
potential  surface  parameters  in  the  saddle-point  region  just  a  he  position 
of  bound-state  vibrational  energy  levels  of  stable  molecules  is  related  to  the 
potential  surface  parameters  in  the  region  of  its  minimum.  If  this  possibility, 
upon  further  investigation,  turns  out  to  be  correct,  an  experimental  deter¬ 
mination  of  the  energies  of  dynamic  resonances  may  lead  to  information 
about  geometrical  and  energetic  details  of  the  saddle-point  region  of  reactive 
potential  energy  surfaces. 
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Fit- 14.  Schematic  representation  of  approximate  internal  motions  associated  with  the  first 
two  Feshbach  resonances  in  the  colli  near  H  +  H,(0)  —  H,(0)  +  H  reaction.  These  motions 
are  depicted  by  the  two  segments  of  straight  lines  that  cross  at  the  saddle  point  of  the  potential 
energy  surface,  the  shorter  corresponding  to  the  lowest  energy  resonance  and  the  longer  to  the 
second  resonance.  These  resonances  are  related  to  the  oscillations  in  the  EQ  curve  of  Fig  5  at 
£,  -  0.62  and  1.06  eV,  respectively. 

G.  The  F  +  H2  —  FH  +  H  Reaction  and  Its  Isotopic  Counterparts 

The  reactions  of  F  atoms  with  H2,  D2,  and  DH  molecules  have  been 
extensively  studied  by  infrared  chemiluminescence  (Poianyi  and  Tardy, 
1969),  chemical  lasers  (Kompa  and  Pimentel,  1967),  and  crosUd -molecular- 
beam  techniques  (Schaefer  et  a/n  1970;  Sparks  et  al.,  1980).  These  reactions 
are  important  for  the  fluorine-hydrogen  chemical  lasers,  where  they  serve  as 
(he  main  pumping  reaction  (Kompa  and  Pimentel,  1967 ;  Spencer  et  al L, 1969). 
They  have  also  been  studied  theoretically  by  the  coilinear  quantum  me¬ 
chanical  (Schatz  et  al.,  1973, 1975a,b;  Connor  etal^  1978;  Latham  eral,  1978), 
quasi-classical  (Schatz  et  al .,  1973,  1975a.b),  and  semiciassical  methods 
(Schatz  et  al.,  1973, 1975a,b;  Whitlock  and  Muckerman,  1975),  and  the  three- 
dimensional  quasi-classical  trajectory  (Muckerman,  1971,  1972;  Jaffe  and 
Anderson,  1971, 1972;  Jaffe  etal^  1973;  Wilkins,  1972, 1973;  Blais  and  Truhlar, 
1973;  Ding  et  al .,  1973;  Poianyi  and  Schreiber,  1977)  and  quantum-me¬ 
chanical  angular  momentum  decoupling  methods  (Redmon  and  Wyatt, 
1979).  The  reaction  is  exothermic  by  about  32  kcal/mole,  and  as  a  result,  four 
vibrational  states  of  FH  are  normally  accessible  for  the  F  +  H2  reagents  at 
thermal  energies,  and  five  vibrational  states  of  FD  for  the  F  +  D2  reagents 
at  corresponding  energies. 

The  coilinear  LEPS  potential  energy  surface  for  F  +  H2  proposed  by 
Whitlock  and  Muckerman  (1975)  is  depicted  in  Fig.  15  in  scaled  coordinates 
(Schatz  et  al.,  1975a).  The  position  of  the  saddle  point,  which  is  1.06  kcal/mole 
(0.046  eV)  above  the  bottom  of  the  entrance  reagent  valley,  is  located  by  the 
cross  in  that  figure.  The  heavy  solid  line  going  through  that  point  is  the 
minimum  energy  path,  and  the  other  curves  are  equipotentials  at  the  energies 
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Ftg.  IS-  Equipotenual  contour  pkx  of  the  FHj  collinear  potential  energy  surface  in  scaled 
coordinates  (jc  ,  •  R,,  x'j  -  rj.  The  energies  of  the  equi potentials,  a*  indicated,  are  measured 
with  respect  to  the  minimum  in  the  reagent  H2  diatomic  potential  energy  curve  (associated  with 
the  lower  right  part  of  the  figure).  The  heavy  line  denotes  the  minimum  energy  path,  with  the 
saddle  point  indicated  by  a  cross. 


given  in  the  lower  right  portion  of  the  figure.  The  coordinates  x\  and  x'2  are 
R,  and  r„  respectively,  in  the  notation  of  Section  II A  where  F,  H,  and  H  are 
A,  B,  and  C,  respectively.  It  can  be  seen  that  the  exothermicity  starts  being 
released  before  the  bend  in  the  minimum  energy  path,  and  we  may  therefore 
expect  the  products  to  be  vibrationally  excited,  due  to  collision  of  the  effective 
mass  point  with  the  skewed  repulsive  wall,  after  that  point  has  picked  up  a 
significant  part  of  the  energy  release. 


1.  Reaction  Probabilities  and  Rate  Constants 

In  Figs.  16  and  17  we  display  the  F  +  H2  EQ  results  rot  Pg2,  and  Fj, 
as  well  as  those  for  the  USC  and  quasi-classical  forward  (QCF)  and  reverse 
(QCR )  methods  (Schatz  *r  oi.,  1973,  1975a,b).  From  microscopic  rev  ,  .  i  lility, 
as  we  have  seen  in  Eq.  (33),  the  quantum  mechanical  forward  and  reverse 
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Fig.  16.  Exact  quantum  (EQ),  quasi-clasjical  forward  (QCF).quasi-classical  reverse  (OCR  V. 
and  unifonn  senucUssical  (USC)  reaction  probabilities  Pf,  (a)  and  P*2  (bl  as  a  function  of 
initial  relative  translational  energy  £0  and  total  energy  £.  for  the  collinear  F  +  H2  —  KH  +  H 
reaction.  The  arrow  in  the  abscissa  indicates  the  energy  at  which  the  n  «■  3  state  of  the  FH 
product  opens  up. 


reaction  probabilities  are  equal.  This  is  not  the  case  for  the  corresponding 
quasi-ciassical  ones,  because  the  initial  and  final  states  are  treated  differently. 
In  the  quasi-ciassical  forward  method,  the  quantum  vibrational  energy  of  the 
initial  state  n  of  the  diatomic  reagent  is  included  in  the  initial  conditions  for 
the  trajectory  calculations,  and  a  reaction  product  P  is  classified  as  having  a 
certain  vibrational  quantum  number  n‘  if  its  final  vibrational  energy  lies  in 
the  range  £j  -  -  £j  _ ,)  to  £?  +  $<££  * ,  —  Ej).  In  the  quasi-ciassical 

reverse  method,  the  probability  for  the  n  —  n'  reactive  process  is  calculated 
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Ft*.  17.  EQ.  QCF.  OCR-  and  USC  total  reaction  probabilities  Pj  for  the  F  +  H,  — 
FH  +  H  reaction.  Same  curve  labels  and  abscissa  as  for  Fig.  16. 

by  integration  from  the  initial  vibrational  state  n'  of  the  products  to  the  final 
state  of  the  reagents  R.  which  are  defined  as  being  in  state  n  if  their  vibrational 
energy  is  in  the  range  -  j(E?  -  £j_  ,)  to  £j  +  i (£j„ ,  -  £*).  As  a  result 
of  this  asymmetry  in  the  manner  in  which  the  reagent  and  product  states  are 
handled,  the  QCF  and  QCR  methods  lead  to  different  reaction  probabilities. 
The  usual  QC  method  is  the  forward  one,  but  Fig.  16  shows  that  for  the 
collinear  F  +  H,  system,  the  reverse  is  a  better  approximation  to  the  EQ 
results.  Because  of  this  somewhat  arbitrary  way  of  quantizing  the  final  states 
of  the  products  in  the  QC  method,  it  is  perhaps  more  appropriate  to  consider 
the  total  reaction  probability  Pf  from  state  n  of  the  reagents  to  all  accessible 
states  of  the  products.  This  is  done  in  Fig.  17,  which  shows  that  P*  (QCF)  is 
significantly  different  from  P*  (EQ),  and  therefore  that  quantum  effects  are 
quite  pronounced  in  this  system.  Although  the  QCR  method  works  better 
in  this  case,  there  is  at  present  no  a  priori  way  to  know  that  this  will  be  the 
case  in  any  other  system.  Figures  16  and  17  show  that  the  USC  method  is 
more  successful  in  the  collinear  F  +  H2  system  than  in  the  H  +  H2  system. 
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FI*.  It.  Ratio  at  rate  constants  for  the  coi linear  F  +  H,  —  FH  +  H  reaction  as  a 

function  of  temperature.  Same  curve  labels  as  for  Fig.  16. 

A  question  of  practical  interest  is  what  the  ratio  IcJjAoz  of  the  trans- 
lationally  averaged  thermal  rate  constants  of  the  n  —  0  -*  n  -  3  and 
n  *  0  -*  n'  *  2  reactive  processes  is.  The  answer  to  this  question  is  important 
in  determining  the  extent  to  which  the  reactive  process  will  generate  a 
population  inversion  of  the  FH  n'  -  3  and  n'  -  2  product  states.  In  Fig.  18 
we  have  plotted  this  ratio  as  a  function  of  temperature  for  the  EQ,  USC,  QCF, 
and  QCR  results.  As  can  be  seen,  the  latter  three  are  appreciably  different 
from  the  former,  indicating  the  lack  of  reliability  of  quasi-classical  or  semi- 
classical  methods  in  predicting  quantitatively  the  magnitude  of  population 
inversions  in  this  chemical  reaction.  One  should  therefore  be  very  cautious 
in  using  such  approximate  methods  in  the  3-PD  world. 

Another  interesting  question  concerns  itself  with  the  extent  to  which 
quantum  effects  in  the  F  +  D2  system  are  less  pronounced  than  in  the 
F  +  H2  system.  The  FD  quantum  states  to  be  considered,  in  comparison 
with  the  FH  n'  -  2  and  3  states,  are  the  n'  —  3  and  4  states,  respectively,  for 
the  reasons  mentioned  at  the  beginning  of  this  section.  In  Figs.  19-21  we 
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Flf.  19.  EQ.  QCF.  QCR.  and  USC  reaction  probabilities  (a)  and  Pf,  (b)  for  tbe 
colli  near  F  +  Dj  -  FD  +  D  reaction.  Same  curve  labels  and  abscissa  as  tor  Fig.  16. 


have  plotted,  for  the  F  +  D2  collinear  system,  the  curves  corresponding  to 
the  F  +  Hj  system  (Figs.  16—18).  As  can  be  seen,  the  quantum  effects  are 
noticeably  decreased.  In  particular,  the  spike  appearing  in  the  f*oj  (EQ) 
curve  of  Fig.  16,  at  low  translational  energies,  and  which  is  due  to  a  Feshbach 
resonance,  is  barely  noticeable  in  the  Fj*  (EQ)  curve  of  Fig.  19.  Nevertheless, 
Fig.  21  still  displays  significant  differences  between  the  EQ  and  QC  rate 
constant  ratios,  indicating  that  quantum  effects  are  still  quite  appreciable 
in  this  system.  The  USC  ratio,  however,  is  very  close  to  the  EQ  ratio. 

We  conclude  that  the  collinear  F  +  H2  and  F  +  D2  systems  display 
significant  quantum  effects  that  can  be  reproduced  to  a  certain  extent  by 
the  uniform  semiclassical  approach.  However,  quasi-classical  trajectory 
methods  are  inappropriate  for  a  quantitative  determination  of  the  disposal 
of  energy  in  the  reaction  products  for  this  system. 
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Fif.  28.  EQ.  QCF.  QCR.  and  USC  iota]  reaction  probabilities  P\  Tor  the  collinear  F  +  D, 
—  FD  +  D  reaction.  Same  curve  labels  and  abscissa  as  For  Fig.  16. 

2.  Dynamic  Resonances 

The  spike  in  the  EQ  curve  of  Fig.  16b.  at  a  translational  energy  just  above 
threshold,  is  due  to  a  dynamic  resonance  (Latham  et  ai 1978;  Kuppermann. 
1981).  Some  of  its  characteristics  in  the  three-dimensional  world  have 
recently  been  investigated  by  an  angular  momentum  decoupling  approxima¬ 
tion  (Redmon  and  Wyatt,  1979).  This  resonance  seems  to  be  superimposed 
on  a  large,  direct  reaction  contribution.  However,  for  the  F  +  HD  -* 
FH  +  D,  FD  +  H  reaction  probabilities  depicted  in  Fig.  22  (Schatz  et  al L, 
1975b),  we  see  strong  evidence  of  a  pure  resonance  in  the  n  *  2  FH  +  D 
product  channel,  near  threshold  energy,  whereas  none  appears  in  the  FD  +  H 
product  channels.  This  system  is  ideally  suited  for  an  experimental  detection 
of  such  resonances.  It  is  expected  that  in  the  three-dimensional  world  the 
differences  between  these  two  product  channels  will  not  be  as  pronounced, 
but  still  very  significant.  At  the  resonance  energy  the  angular  distribution  of 
the  o  *  2  FH  product  is  expected  to  be  non  backward-peaked  oscillatory, 
due  to  the  likelihood  that  the  resonance  will  affect  only  some  of  the  partial 
waves  that  contribute  to  the  reaction  (see  Section  111,H,8),  whereas  at  other 
energies  the  direct  process  should  produce  backward-peaked  nonoscillatory 
angular  distributions.  In  addition,  at  nonresonant  energies  much  less  FH  prod¬ 
uct  should  be  observed  than  at  resonance.  Finally,  the  resonant  energy  in  the 
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Fig.  21.  Ratio  of  rate  constant!  for  the  collinear  F  +  D,  —  FD  +  D  reaction  as  a 

function  of  temperature  Same  curve  labels  as  for  Fig.  16. 

3-PD  world  should  be  shifted  toward  higher  energies  by  twice  the  zero-point 
energy  of  the  bending  mode  of  the  most-contributing  strong  interaction 
configuration  (see  Section  III,H,8).  These  constitute  theoretical  predictions 
of  the  existence  of  a  dynamic  resonance  in  the  F  +  HD  (p  =*  0)  -•  FH 
(if  *  2)  +  D  reaction  channel  and  of  the  fingerprint  of  such  a  resonance, 
as  well  as  the  absence  of  one  in  the  F  +  DH  (p  =»  0)  -•  FD  ( v '  »  3, 4)  +  H 
channels.  The  prospect  that  such  predictions  may  be  verified  experimentally 
and  lead  to  information  about  some  of  the  details  of  the  corresponding 
potential  energy  surface  in  the  strong  interaction  region  is  a  very  exciting  one. 

H.  Electronically  Nonadiabatic  Exchange  Reactions 

When  a  chemical  reaction  occurs  that  involves  a  change  in  the  electronic 
state  of  the  triatomic  system,  the  theoretical  formulation  of  the  exchange 
reaction  problem  given  by  Eqs.  (4)  and  (8)  must  be  extended.  In  one  form 
of  the  general  theory,  we  consider  a  family  of  electronically  diabatic  potential 
energy  surfaces  as  well  as  a  family  of  coupling  potential  energy  surfaces. 


Aron  Kuppermann 


I 


E  (eV) 


E0  (eV) 

Fit.  22.  Accurate  quantum  reaction  probsbtftues  for  the  F  +  HD  —  FH  -f  Dool linear 
reaction  and  Pj,  and  Pj4  for  the  F  4-  DH  —  FD  +  H  collinear  reaction  as  a  function  of  initial 
relative  translational  energy  £0  and  total  energy  £  (relative  to  the  minimum  in  the  HD  diatomic 
potential  curve).  The  arrow  near  0.04  eV  in  the  lower  abscissa  indicates  the  energy  at  which  the 
««3  HF  state  opens  up. 


If  the  lowest  two  of  these  surfaces  interact  and  the  others  are  at  energies  that 
are  high  compared  to  the  collision  energy  being  considered,  we  may  use  the 
two-state  approximation,  in  which  Eq.  (4),  in  scaled  coordinates,  is  replaced 
by  the  system  of  equations 

[-  ||  +  £j)  +  K(X..  rj  -  eJm*.,  rj  -  -  rJ*2(J?.,  rj 

(58) 

["  £  (J%  +  I?)  +  yi(Rt’ rJ  ~  rj 

where  Vx  and  Vx  are  the  two  electronically  diabatic  surfaces  being  considered 
and  -  ^21  is  the  coupling-potential  energy  surface.  The  corresponding 
nuclear  motion  wave  functions  satisfy  the  asymptotic  conditions 
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where  the  /ylT*'  terms  represent  the  scattering  amplitudes  from  state 
ta  .  Jri)  of  the  reagents  to  state  of  the  products,  with  i,  jm  1,  2. 

These  equations  can  be  solved  by  a  straightforward  generalization  of  the 
methods  outlined  in  Section  ILE 

The  reaction  of  Ba  atoms  with  N20  molecules  produces  BaO  molecules 
in  its  ground  XT  and  excited  ajfl  states.  This  reaction  was  qualitatively 
modeled  as  a  collinear  two-electronic-state  process  with  N2  treated  as  a 
single  atom  of  atomic  weight  28  and  the  O  atom  occupying  the  middle 
position  (J.  M.  Bowman  and  A.  Kuppermann,  unpublished  results,  1973; 
Bowman.  1973).  The  objective  of  this  study  was  not  to  obtain  agreement  with 
experiment  but,  instead,  to  investigate  the  dynamic  properties  of  this  model 
and  to  test  the  validity  of  approximate  methods  on  the  same  model 

A  ground  (singlet)  state  and  an  excited  (triplet)  state  LEPS  electronically 
diabatic  surface,  V%  and  Vt,  respectively,  as  well  as  an  interaction  potential 
surface,  Vt,  due  to  spin-orbit  interactions,  were  assumed  (J.  M.  Bowman  and 
A.  Kuppermann,  unpublished  results,  1974).  These  three  surfaces  are  de¬ 
picted  in  Figs.  23-23.  In  them,  coordinate  K,  is  the  barium-oxygen  (non- 
scaied)  intemuclear  distance  and  R2  is  the  oxygen-nitrogen  distance.  The 
lines  in  these  figures  along  which  solid  squares  are  placed  represent  the 
'  intersection  between  V%  and  V,.  V,  has  a  barrier  whose  height  is  0.05  eV  with 
respect  to  the  bottom  of  the  N20  ground-state  potential  energy  curve,  and 
its  position  was  placed  in  the  near-asymptotic  region  of  the  product  channeL 
K  was  also  made  0.2-eV  exothermic  This  is  substantially  lower  than  the 
experimentally  determined  4-eV  exothermicity,  in  order  to  keep  the  number 
of  open  exit  channels  to  a  manageable  amount  while  preserving  the  character¬ 
istics  of  the  surface  crossing.  For  the  total  energies  considered.  V,  is  ener¬ 
getically  inaccessible  except  in  the  near-asymptotic  and  asymptotic  regions  of 
the  product  channel.  V,  has  a  maximum  value  of  0.05  e  V  and  is  localized  along 
the  seam  of  the  intersection  of  V%  and  V,. 

The  range  of  initial  relative  kinetic  energies  considered  in  these  calculations 
was  0.0-0.12  eV.  In  this  range  the  number  of  open  vibrational  states  of  the 
model  BaO(XT)  is  between  four  and  six  and  that  for  the  model  BaO(aJn) 
between  one  and  three  Calculations  were  also  performed  (Bowman  et  aL, 
1976)  using  the  trajectory  surface-hopping  method  (in  the  simple  Landau- 
Zener  version)  of  Tully  and  Preston  (1971). 

The  result  of  some  of  these  calculations  is  given  in  Fig.  26.  is  the 

reaction  probability  from  state  i,  n  of  N20  to  state  f ,  n  of  BaO,  where  n  and 
n'  are  vibrational  quantum  numbers,  i  or  f  —  1  refers  to  the  ground  electronic 
statesandf  -  2  to  the  triplet  states.  It  can  be  seen  that  for  £0,  less  than  0.05-eV 
P fo-,o  i*  the  dominant  reaction  probability  and  that  the  quantal  and  quasi- 
ciassical  results  agree  in  average  for  this  electronically  adiabatic  transition. 
The  existence  of  quantum  oscillations  in  this  and  the  other  versus 


R,  (bohr) 

Fif.  23.  Potential  energy  surface  for  the  X  T  slate  of  a  model  collinear  BaON,  system.  R, 
is  the  O-N,  unsealed  distance  and  R,,  the  Ba-O  distance. 

energy  curves  is  compatible  with  the  de  Broglie  wavelength  analysis  outlined 
in  Section  II.C  (Bowman  er  aL,  1976). 

Comparison  of  the  quantal  and  quasi-classical  electronically  nonadiabatic 
reaction  probabilities  P*0-i0  of  Fig.  26d  shows  fairly  good  average  agree* 
ment  for  £0  between  0.05  and  0.07  eV,  but  at  somewhat  higher  energies, 
the  quasi-classical  result  differs  significantly  from  the  accurate  quantal 
result  This  disagreement  should  be  due  at  least  in  part  to  a  shortcoming  of 
the  simple  Landau-Zener  surface-hopping  model  used  in  these  calculations. 
The  seam  between  the  singlet  and  triplet  surfaces  used  is  located  in  the  product 
channel  and  is  displaced  from  the  equilibrium  intemuclear  position  of  BaO 
toward  greater  intemuclear  distances.  This  means  that  the  ground -electronic- 
state  BaO  product  must  have  about  one  quantum  of  vibrational  energy  before 
the  seam  can  be  reached  classically.  This  should  result  in  a  significant  de¬ 
crease  of  the  amount  of  quasi-classical  surface  hopping  in  comparison  with 
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Ft*.  24.  Potential  energy  surface  for  the  aJn  state  of  model  collinear  BaOIM.  system. 
Coordinates  have  the  same  meaning  as  in  Fig.  23. 


the  quantum  situation,  since  in  the  latter  case  the  seam  is  felt  over  a  wider 
range  of  internuclear  distances.  Such  analysis  is  consistent  with  the  fact  that 
the  quanta!  and  quasi-classical  o  effective  thresholds  are  approxi¬ 
mately  equal  to  the  corresponding  values  for  the  electronically  adiabatic 
10  -*  11  and  10  —  12  reactive  processes  that  produce  vibrationally  excited 
ground  electronic  state  products.  This  suggests  a  correlation  between  vibra¬ 
tional  excitation  of  BaO  (X  *1)  and  formation  of  BaO  (aJfl). 

One  may  improve  the  surface-hopping  model  by  permitting  hopping  to 
occur  from  a  band  around  the  seam  rather  than  at  the  seam  only.  Even  then, 
this  first-order  perturbation  model  may  not  work  too  well  for  systems  for 
which  the  electronically  nonadiabatic  transition  probabilities  are  large. 
Caution  in  using  quasi-classical  methods  must  be  exercised  even  for  systems 
as  heavy  as  the  present  one.  The  large  quantum  effects  resulting  from  these 
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FI*.  25.  Spin-orbit  interaction  potential  energy  surface  for  model  collinear  BaON2  system. 
Coordinates  have  the  same  meaning  as  in  Fig.  23. 


collinear  calculations  will  not  necessarily  disappear  in  going  to  the  real  three- 
dimensional  world. 


I.  Collision-Induced  Dissociation  and  Three- Body  Recombination 

Processes 

The  problem  of  calculating  the  quantum  probabilities  of  the  collision- 
induced  dissociation  process  A  +  BC-*A  +  B  +  C  and  of  its  reverse 
three- body  recombination  is  conceptually  a  very  difficult  one.  The  reason  is 
that  in  the  three-body  channel,  the  motion  associated  to  both  the  R,  and  r« 
coordinates  is  not  quantized,  involving  thereby  a  double  continuum  of 
states. 

About  20  yean  ago.  Delves  (1959,  i960)  suggested  that  the  problem  could 
be  reformulated  in  a  system  of  coordinates  involving  only  one  continuum. 
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Fit-  2&-  Reaction  probabilities  for  the  model  collinear  Ba  -t-  ON:  —  BaOfn'V  BaO*(n') 
+  N,  as  a  function  of  initial  relative  kinetic  energy  £0.  BaO  and  BaO*  represent  the  X  '1  and 
a  ,n  states  of  the  diatomic  product,  respectively,  (a)-fc)  Reaction  probabilities  to  form  BaO  in 
it'  -  0,  I,  and  2.  respectively,  from  ground  vibrational  state  reagent  ON,  (d)  Reaction  prob¬ 
abilities  to  form  BaO*  in  n'  -  Ofrom  ground  vibrational  state  reagent.  The  exact  quantum  (EQ) 
and  quasi -classical  (QC)  probabilities  are  represented  by  solid  and  dashed  curves,  respectively. 
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These  coordinates  are  depicted  in  Fig.  3.  They  are  the  circular  polar  co¬ 
ordinates  p,  a  indicated.  At  a  fixed  p,  F(p,  a)  ecomes  practically  infinite  for 
a  »  0  and  a  —  a^  due  to  the  practically  infinite  repulsive  interatomic  inter¬ 
actions  occurring  when  r,  »  0  (for  which  B  and  C  coincide)  or  r,  ■  0  (for 
which  A  and  B  coincide).  This  is  true  even  for  values  of  p  corresponding  to 
points  in  the  dissociative  plateau  A  +  B  +  C  region  of  Fig.  3.  As  a  result, 
the  eigenfunctions  of  the  Hamiltonian 

"2^i+  y<P'X)  m 

for  constant  p  constitute  a  complete  discrete  (but  infinite)  set  of  orthonormal 
basis  functions  in  terms  of  which  the  scattering  wave  function  Mp.  a)  may 
be  expanded,  resulting  in  a  discrete  (but  infinite)  set  of  coupled  channel 
equations,  even  at  dissociative  energies,  which  may  be  solved  by  techniques 
analogous  in  spirit  to  those  outlined  in  Section  I1.E.  Comparison  of  the 
results  of  such  calculations  with  corresponding  quasi-classical  trajectory 
ones  are  useful  in  establishing  the  conditions  under  which  the  latter  may 
give  reliable  results  (Kaye  and  Kuppermann,  1981). 


Ill-  The  Quantum  Dynamics  of  Three-Dimensional  Reactive 
Triatomic  Systems 

In  this  section  we  generali»  the  description  of  the  electronically  adiabatic 
reactive  scattering  of  collinear  triatomic  systems  to  three  physical  dimensions 
(3-PD).  The  corresponding  formalisms  are  analogous.  The  restrictions  on 
the  total  energy  will  be  the  same  as  those  for  the  1-PD  systems.  One  difference 
is  that  the  partial  first  derivatives  with  respect  to  the  two  scalar  distances  are 
replaced  by  the  gradients  with  respect  to  the  corresponding  position  vectors, 
and  appropriate  spherical  scattered  waves  replace  the  corresponding  col¬ 
linear  plane  waves.  An  additional  difference  is  that  for  A  +  BC  reagents,  two 
reactive  product  arrangement  channels  (AB  +  C  and  AC  -I-  B)  are  allowed, 
rather  than  only  one.  This  results  in  an  interesting  ‘‘bifurcation"  problem, 
not  encountered  in  the  collinear  case.  The  scattering  and  reactance  matrices 
are  introduced  analogously  to  the  1-PD  case,  after  an  appropriate  partial- 
wave  expansion. 

A.  Scaled  Coordinates 

It  is  convenient  to  begin  by  introducing  the  3-PD  counterpart  of  the  1-PD 
scaled  coordinates.  We  label  the  three  atoms  A  »  Am,  B  *  Af ,  and  C  *  Ar. 


Quantum  Calculations  of  Reactive  Systems 


123 


9 


he 


« 


Flf.  27.  Relative  poution  vectors  for  truiomic  system  in  three  physical  dimensions  (3-PD). 

Let  /Ivk-  be  a  cydic  permutation  of  the  indices  afiy.  We  define  the  2  coordinates 
(2  *  a,  0,  y)  as  ri,  the  intemuclear  vector  from  A,  to  Au,  and  R'it  the  position 
vector  of  Ax  with  respect  to  the  center  of  mass  of  the  A,  A,  diatom.  The 

angle  in  the  O-ir  range  between  these  two  vectors  is  labelled  yt.  These  co¬ 
ordinates  are  displayed  in  Fig.  27.  In  terms  of  them,  the  nuclear  motion 
Hamiltonian,  after  removal  of  the  motion  of  the  center  of  mass  of  the  system, 
is 

H  -  -  r— —  V*.  -  Vr\  +  Vx(R\,  r'lt  yj  (61) 

where  the  reduced  masses  are  analogous  to  those  given  by  Eq.  (3)  and  Vj^  and 
are  the  Laplacian  operators  with  respect  to  the  coordinates  Rj  and  ri, 
respectively.  The  potential  energy  function  now  depends  on  ylt  in  addition  to 
R\  and  ri.  Its  topological  characteristics  will  be  described  in  the  next  section. 
We  aow  introduce  the  scaled  position  vector  coordinates  R*,  r«  as  a  three- 
dimensional  generalization  of  Eq.  (10): 

*A-a4Ri,  tx  -  (a*)"  ‘ri,  ax  -  (hi.wK)1'4.  2  -  at,  (Ly  (62) 

In  terms  of  these  coordinates,  Eq.  (61)  becomes 

H  -  -(*j/2mXV5a  +  V?A)  +  VxfRx,  rx,  7x)  (63) 

The  reduced  mass  n,  which  is  independent  of  2,  is  the  same  as  that  given  for 
the  coilinear  case  by  Eq.  (12). 

The  transformation  from  2  coordinates  to  v  coordinates  is  now  given  by 
/R,\  /cosily  -sin  a,a /R^ 

\rT/  \sin  a^x  cosoTJ\rAy 


% 


(64) 
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where 

cos  -  -  JjfijmJlXm*  +  m«Xm,  +  m„)]} ,/1.  ’ 

sin  -  {m«Af/[(ma  +  m.X'",  +  m«)]},/2 

Equations  (64)  and  (65)  represent  a  rigid  rotation  in  the  six-mathematical 
dimensional  (6-MD)  configuration  space  spanned  by  the  Cartesian  compo¬ 
nents  of  R,  and  rx.  This  is  not  the  case  for  the  corresponding  transformation 
of  the  unsealed  coordinates.  The  X  Laplacian  operators  have  the  property 

V*.  +  Vi  -  VI,  +  Vi  -  VI  +  VI  -  V 2  (66) 

where  V2  is  the  6-MD  scaled  configuration  space  Laplacian.  which,  as  for 
3-MD,  is  invariant  under  rotations.  With  this  notation,  Eq.  (63)  can  be 
rewritten  as 

H  -  -(tf/lfi)  V1  +  V  (67) 

This  Hamiltonian  describes  the  motion  of  a  single  particle  P  of  mass  ji  in  the 
6-MD  scaled  configuration  space  subject  to  the  potential  V.  Therefore,  the 
motion  of  the  three-particle  ABC  system  in  3-PD  space  is  isomorphic  to  the 
motion  of  P  in  this  6-MD  space.  As  a  result,  the  de  Broglie  wavelength 
analysis  of  Section  ILC  continues  valid  for  the  3-PD  case,  as  long  as  the 
change  in  local  wave  number  is  examined  in  the  proper  6-MD  space.  This 
isomorphism  permits  an  extension  of  the  techniques  used  to  trea'  the 
quantum  mechanics  of  single  particles  in  3-PD  space  to  thrce-partiUc  (or 
actually,  to  many-particle)  systems. 


B.  Potential  Energy  Surface  Mapping  in  Symmetrized 
Hyperspherical  Coordinates 

In  order  to  facilitate  an  understanding  of  the  nature  of  the  3-PD  reactive 
scattering  problem,  it  is  useful  to  be  able  to  visualize  the  spacial  character¬ 
istics  of  the  potential  energy  surface  VX(RX,  rx,  yj.  For  the  collinear  case, 
for  which  yx  -  it  or  0,  these  characteristics  were  displayed  in  Fig.  3,  in  which 
contour  lines  of  constant  V  were  depicted  in  the  2-MD  scaled  configuration 
space  R„  r..  In  the  present  case,  the  configuration  space  is  six  dimensional, 
but  V  is  a  function  of  three  variables  only.  It  would  be  convenient  therefore 
to  display  surfaces  of  constant  V  in  an  appropriately  chosen  3-MD  space  in 
which  for  every  configuration  of  the  three  atoms,  there  would  correspond 
one  and  one  only  point  Q.  Since,  for  yx  ■  it,  that  space  was  2-MD  Cartesian, 
a  first  attempt  would  be  to  consider  Rx,  rx,  yx  as  the  cylindrical  coordinates 
of  Q,  such  that  for  configurations  having  a  constant  yx,  V(RX,  rx,  yx  •  con¬ 
stant)  would  be  represented  by  contour  lines  on  the  yx  ■  constant  half-plane 
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depicted  in  Fig.  28.  If  that  were  done,  the  spherical  polar  coordinates  of  the 
same  point  Q  would  be  p,  t\x,  and  yx,  where 

P  -  if*  -  tao"  l{rJR J,  0  £  >!i  £  (68) 

The  quantity  p  is  invariant  with  respect  to  a  2  -*  v  transformation  and  is 
called  a  hyperradius.  These  cylindrical  and  spherical  polar  coordinates  are 
also  displayed  in  Fig.  28.  A  typical  equipotential  surface  is  displayed  sche¬ 
matically  in  Fig.  29,  at  an  energy  below  the  dissociation  energy.  This  mapping 
suffers  from  two  crucial  defects.  First,  it  does  not  have  the  basic  one-to-one 
correspondence  property  between  configurations  and  points  Q.  Indeed,  for 
collinear  configurations  in  which  Ax  coincides  with  the  center  of  mass  of 
A,Am,  yx  is  arbitrary.  Therefore,  all  points  on  the  circle  C  on  the  Xx  Yk 
plane,  whose  radius  is  the  scaled  ArA,  distance,  are  associated  with  that 
single  configuration.  Second,  even  if  the  three  atoms  Ax,  A,,  and  A%  are 
identical,  as  for  the  H,  system,  the  equipotemiais  of  V  below  the  dissociation 
energy  would  still  have  the  general  shape  indicated  in  Fig  29,  with  the 
shape  of  the  A !  +  AyA,  region  (in  which  A  t  is  not  too  far  from  AyAK)  distinct 
from  the  shape  of  the  A,  +  A*AX  region  obtained  by  an  interchange  of  atoms 
Ax  and  A,.  In  other  words,  the  equipotemiais  of  V,  in  this  map,  do  not  have 


Fig.  2§.  Equi potential  surface  for  noncollinear  A,A.A.  triatomic  system  in  spherical  polar 
coordinates  p  -  (*}  +  ri)*'1,  if4  -  tan  *  '(rjRJ.  and  y4. 

the  symmetry  we  would  desire  with  respect  to  the  interchange  of  identical 
atoms. 

A  way  to  eliminate  the  first  of  these  defects  is  to  choose  for  the  spherical 
polar  coordinates  the  quantities  p,  mx  "  2qx  and  yx,  as  indicated  in  Fig.  28 
by  point  P.  This  “umbrella  opening"  transformation  on  p,  r\x,  yx  (in  which 
the  colatitudinal  angle  of  every  point  is  doubled)  collapses  the  circles  C  of 
Fig.  29  into  a  single  point  located  on  the  negative  half  of  the  Zx  axis  (see 
Fig.  30).  It  turns  out  that  in  this  same  p,  o)x,  yx  system  of  polar  coordinates, 
the  equipotential  surfaces  are  also  symmetric  with  respect  to  the  interchange 
of  identic^!  atoms!  (Kuppermann,  1975).  Therefore,  for  the  H3  system,  they 
display  the  symmetry  properties  of  the  C)V-point  group.  In  Fig.  30  we  have 
depicted  schematically  an  equipotential  surface  at  an  energy  below  the 


FI*.*.  Equipotential  surface  for  noncollinear  A,  A,  A,  triatomic  system  in  spherical  polar 
coordinates  p  •  (Rj  ri)''*,  ut,  -  2  tan '  *(r4.  Rt).  and  y4. 
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dissociation  energy  for  a  system  of  three  identical  atoms.  Actually,  we  should 
have  indicated  only  the  Yk  £  0  half-space,  since  yA  lies  in  the  range  0-ir. 
However,  we  reflected  this  surface  through  the  XAZk  plane  to  facilitate 
visualization.  As  a  result,  every  triatom  configuration  (except  those  for 
which  yA  -  0  or  yA  =»  tt)  is  represented  in  Fig.  30  by  a  pair  of  points,  sym¬ 
metric  with  respect  to  that  plane.  The  hole  around  the  origin  is  due  to  the 
strong  repulsion  occurring  at  configurations  for  which  all  three  atoms  are 
close  together. 

This  mapping  of  V  has  an  additional  property  that  is  of  great  usefulness. 
A  A  —  v  coordinate  transformation  in  the  3-MD  Xk  YkZk  internal  configura¬ 
tion  subspace  of  Fig.  30  is  a  rigid  rotation  around  the  Yk  axis  (Kuppermann, 
1975).  This  means  that  this  transformation  is  equivalent  to  moving  the  Z, 
axis  to  the  Z,  position  indicated  in  Fig.  30,  while  otherwise  not  changing 
the  shape  of  the  equipotentials.  This  shape  invariance  with  respect  to  co¬ 
ordinate  transformations  indicates  that  this  map  represents  all  regions  of 
configuration  space  in  an  equivalent  way,  regardless  of  the  choice  of  A.  For 
this  reason,  we  call  the  coordinates  p.  atit  yk  symmetrized  hyperspherical 
coordinates.  At  large  values  of  Rlt  the  rotational  motion  of  A,  A„  is  indicated 
by  a  rotation  of  the  representative  point  Q  around  the  Zk  axis,  the  vibration 
of  A,  A.  by  an  oscillation  of  Q  perpendicular  to  that  axis,  and  the  approach 
of  Ai  to  A,  A.  by  a  motion  of  Q  parallel  to  the  same  axis.  Similar  statements 
are  valid  for  the  A,  +  A,  A*  and  A.  +  A*A,  configurations,  with  the  Zk  axis 
replaced  by  Z,  and  Z«,  respectively.  Therefore,  a  nonreactive  collision  would 
correspond  to  approaching  the  origin  from  the  large  Zk  direction  and  then 
reversing  its  general  direction,  whereas  a  reactive  one  involves  having  Q 
approach  the  same  way  but  move  out  along  the  Z,  or  Z,  directions  while 
rotating  and  vibrating  around  those  axes.  The  dynamical  details  of  these 
processes  depends  on  the  internal  topology  of  these  equipotentials,  i.e„  the 
nature  of  the  passageways  between  the  different  arrangement  channel 
regions  of  Fig.  30. 

In  order  to  visualize  the  nature  of  this  topology,  we  display  in  Fig.  31  cuts 
of  the  equipotentials  of  V  by  the  XtZ,  (y,  *  0,  a)  and  YtZ,  (y,  •  tr/2,  -tr/2) 
planes  for  the  Porter  and  Karplus  (1964)  H3  potential  energy  surface.  The 
bottom  part  of  Fig.  31b  corresponds  to  the  region  halfway  between  con¬ 
figurations  Ay  -I-  A. A,  and  A,  +  AyA,.  All  classically  allowed  pathways 
leading  from  one  to  the  other  of  these  configurations,  at  total  energies  not 
exceeding  0.6  eV,  must  pass  through  the  hatched  area  enclosed  by  the  cor¬ 
responding  equipotential.  The  30°  angle  between  the  negative  Z,  axis  and 
the  line  (not  depicted)  from  the  origin  0  tangent  to  the  0.6  eV  equipotential 
is  roughly  indicative  of  the  angular  deviation  from  collinearity  that  classically 
still  permits  a  reaction  to  occur  at  that  total  energy.  Therefore,  this  mapping 
gives  an  intuitive  feeling  for  the  dynamic  properties  of  the  corresponding 
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n*-  31.  Cut*  of  equipotentnl  suffices  for  H,.  (*)  Cut  through  X,Z,  plane,  (b)  Cut  through 
Y.Z.  plane.  The  origin  of  measurement  of  the  energy  is  the  minimum  of  the  isolated  H2  diatomic 
potential  energy  curve.  The  curves  are  intersections  of  the  equi potentials  with  these  planes.  Their 
energies  range  from  0.3  to  1.5  eV  tn  steps  of  0.3  eV.  as  indicated  on  top  of  figure. 

system.  It  is  also  very  helpful  in  developing  theoretical  approaches  to  the 
solution  of  the  quantum  reactive  scattering  problem,  as  indicated  in  Section 
IILG. 


C.  RjEACTTVE-SCATTBUNG  FORMALISM 

We  start  out  by  choosing  a  system  of  coordinates  that  spans  the  6-MD 
configuration  space  in  which  the  motion  of  the  triatomic  system,  after  re¬ 
moval  of  the  motion  of  the  center  of  mass,  takes  place.  Let  Oxyz  be  a  system 
of  coordinates  whose  origin  0  is  the  center  of  mass  of  the  system  and  whose 
axes  are  parallel  to  a  system  of  laboratory-fixed  axes.  We  will  call  Oxyz  the 
laboratory-fixed  system.  The  spherical  polar  coordinates  of  the  scaled  Si 
in  this  system  are  Rk,  9k,  <px.  Let  us  also  define  a  body-fixed  coordinate  system 
OXkYkZk  (not  to  be  confused  with  the  axes  of  Figs.  28-31)  obtained  by 
routing  the  Oxyz  axis  by  the  Euler  angles  9k,  0.  The  resulting  OZk  axis 
points  along  the  Rk  direction,  whereas  the  OYk  axis  is  in  the  Oxy  plane.  The 
Oxyz  and  OXk  YkZk  axes  are  displayed  in  Fig.  32  The  spherical  polar  co¬ 
ordinates  of  rk  in  the  space-fixed  system  are  rf  -  (rk,  9rt,  <pri)  and  in  the 
body-fixed  system  are  rf  » (rA,  yk,  tjrj  where  y*  is,  as  before,  the  angle 
between  R4  and  r*  and  ijrx  is  a  tumbling  angle  around  the  (Rit  Oz)  plane. 

In  this  presenution  we  chose  body-fixed  coordinates  because  they  lead  to 
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FI*.  32.  Body-fixed  and  space-fixed  coordinates  for  tnxtomic  system  in  three  physical 
dimensions. 

simpler  final  expressions  Tor  the  cross  sections  and  to  a  simpler  solution  to 
the  bifurcation  problem.  However,  space-fixed  coordinates  can  also  be  used 
(Pact  1974). 

In  terms  of  these  body-fixed  coordinates,  we  wish  to  find  the  solutions 
of  the  Schrodinger  equation: 


-  Etl/*'*-  (69) 

which  satisfy  the  asymptotic  condition  for  large  Rx  (2  —  at,  fi,  y) 

+i  mK'  -  exp(f/cm. A.  RtJQi  .Jri) 

+  I  fi 2?  Ws.  txXRJ- 1  (70) 

In  these  expressions  A  and  X'  designate  the  final  and  initial  arrangement 
channels,  respectively,  and  nt  is  the  set  of  quantum  numbers  mh  of 
the  A,At  isolated  diatom  where  is  the  vibrational  quantum  number, /t  its 
rotational  angular  momentum  quantum  number,  and  mu  the  quantum  num¬ 
ber  associated  with  the  projection  of  the  diatom's  rotational  angular  mo¬ 
mentum  along  the  direction  of  the  final  relative  wave-number  vector 
(i.e_  the  helicity  polarization  quantum  number)  which,  as  Rx  —  oo,  lies  in 
the  9lt  <Pi  direction.  Similarly,  represents  the  corresponding  quantum 
numbers  c\-,  j\  ,  mjx,  of  the  initial  diatomic  reagent  A,  At  ,  where  the  axis 
of  quantization  for  m'rt,  is  the  direction  of  the  initial  relative  wave-number 
vector  km,A.  that  has  been  chosen  to  lie  along  the  laboratory-fixed  Or 
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axis.  is  the  component  or  Rr  along  that  axis.  As  Rk  -  oo,  R,  lies  in  the 
— kici.iV  direction,  i.e.,  in  the  negative  Oz  direction.  In  other  words,  in  the 
helicity  representation,  the  axis  of  quantization  for  the  reagent  and  product 
diatoms  are,  respectively,  the  initial  and  final  relative  wave-number  vectors. 
This  particular  choice  of  representation  greatly  simplifies  the  expression  for 
the  scattering  amplitude  given  by  Eq.  (89)  of  Section  IIIX 

'The  (^(r?)  and  in  Eq.  (70)  represent  the  diatomic  product  and 

reagent  rovibrational  eigenfunctions,  respectively,  in  scaled  coordinates,  and 
in  the  helicity  representation;  (RJ~ 1  cxpOk^^RJ  represents  a  spherical 
radial  scattered  wave  and  expftlc^.^.R^;)  is  a  plane  wave  representing  the 
initial  relative  motion  of  the  atom  Ak  with  respect  to  the  diatomic  molecule 
A*  Ax. ,  in  scaled  coordinates ;  and  finally /  ^  J  is  the  scaled  coordinate 

scattering  amplitude  from  initial  state  A'nj.  of  the  reagent  to  final  state  AnA 
of  the  product,  for  initial  and  final  relative  atom-diatom  wave-number 
vectors  klvWi.  and  respectively,  8l<pl  being  the  polar  angles  of  the 

latter  with  respect  to  the  former  in  the  Oxyz  system  whose  Oz  axis  lies  along 
kj.ei.A..  The  magnitudes  of  these  wave  numbers  satisfy  the  energy  conserva¬ 
tion  relation 

(f>2kiri.A./2n)  +  £*•*.*.  -  +  EUxJx  -  E  (?1) 

X  -  at,  0,  y 

where  El(x.jx.  and  EUx)x  are.  respectively,  the  rovibrational  energy  of  the 
initial  and  final  diatoms  and  £  is  the  total  energy  of  the  system.  The  unsealed 
coordinate  scattering  amplitude  f'Z,x*'(0k,  4>i)  is  related  to  the  scaled  one  by 

<t>D  -  (flr)'  *  (72) 

where  the  ak  terms  have  been  defined  in  Eq.  (62),  and  the  differential  cross 
section  for  the  A'ni-  —  ibi*  process  can  be  obtained  from  ft**1’  by  the  expres¬ 
sion 

n  M2  (73) 

where  and  are  the  final  and  initial  unsealed  coordinate  velocities, 
respectively. 

The  sum  in  the  right-hand  side  of  Eq.  (70)  includes  the  closed-channel 
terms,  for  which  EUxJx  >  £,  for  the  reasons  given  following  Eq.  (6)  of 
Section  II. 

In  the  present  formulation  the  A„  A, ,  and  A7  atoms  have  been  considered 
distinguishable.  When  they  are  not,  the  scattering  wave  function  must  be 
made  to  satisfy  the  Pauli  principle.  This  can  be  achieved  a  posteriori,  after 
solving  the  Schrodinger  equation  and  ignoring  this  principle,  as  exemplified 
in  Section  III.F  for  the  Hj  system. 
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As  in  the  coilinear  case,  it  is  convenient  to  introduce  scattering  and  react¬ 
ance  matrices  in  order  to  separate  the  problem  of  finding  solutions  of  the 
Schrodinger  equation  (69),  satisfying  arbitrary  asymptotic  conditions,  from 
the  problem  of  finding  the  scattering  amplitudes  of  Eq.  (70).  We  start  by 
defining  the  functions  rf )  where  ft*  is  the  unit  vector  in  the  R* 

direction,  defined  by  the  laboratory-fixed  polar  angles  9X,  4>x.  This  function 
of  the  five  scalar  variables  9X,  <px,  yx,  <px  is  defined  as  a  simultaneous  eigen¬ 
function  of  the  following  five  operators: 

(1)  the  square  of  the  triatomic  system  total  angular  momentum  J^; 

(2)  the  Oz  laboratory-fixed  component  of  that  angular  momentum  J^; 

(3)  the  energy  of  the  isolated  Ax  AK  diatom  hXmm ; 

(4)  the  square  of  the  rotational  angular  momentum  of  that  isolated 
diatom  ji^;  and 

(5)  the  component  of  that  angular  momentum  along  the  body-fixed 
OZx  (Le,  R  J  axis  jZx^. 

The  quantum  numbers  associated  with  that  set  of  operators  are  J,  Mj,  cx,jx, 
and  flj,  respectively,  and  bx  designates  the  cx,jx,  Qx  subset  The  quantum 
number  Qj  associated  with  the  tumbling  motion  of  the  triatom  around  R* ,  and 
described  by  the  tumbling  angle  <j/x,  will  play  a  special  role  in  the  computa¬ 
tional  methodology  described  in  Section  III.G. 

The  functions  4>J£J(&X,  rf)  are  called  surface  functions.  They  form  a 
complete  discrete  orthonormal  set  that  spans  the  S-MD  9X,  <px,  rx,  yx,  &x 
subspace  of  the  6-MD  configuration  space.  They  are  given  by  (Schatz  and 
Kuppermann,  1976b): 

r?)  -  [(2 J  +  iy4«]*,IDij0a»it  (74) 

where  is  a  Wigner  rotation  function  and  n*(ff )  is  a  simultaneous 

eigenfunction  of  the  h ^  (Hamiltonian),  and  jZi  operators  of  the 
isolated  ArAK  diatom  in  the  scaled-coordinated  0%xYxZx  body-fixed 
system  of  axis.  If  the  electronic  state  of  that  molecule  is  a  I  state,  the  QitAjxat 
are  given  by 

-  W  **)  (75) 

where  *u tu'»  a  spherical  harmonic  and  4>ixux  satisfies  the  radial  Schrodinger 
equation 

[-  5  £  +  Urd  +  *  EuxJxKxJx(rx)  (76) 
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where  ox(r J  is  the  interatomic  potential  of  the  isolated  A,AK  diatomic 
molecule. 

Let  be  a  simultaneous  eigenfunction  of  H.  J%p,  and  J.mp.  We  can 

expand  it  asymptotically  for  large  Rx  in  terms  of  the  surface  functions 
according  to: 

-  I  (*J-  V"0fi*(*i>#2I'A.  rf)  (77) 

where  the  radial  functions  g  behave  asymptotically  as 


This  expression  is  the  3-PD  counterpart  of  Eq.  (20)  where  the  symbols  have 
similar  meanings.  As  before,  A  and  B  are  integration  constants,  v  is  the  (real) 
velocity,  k  is  the  channel  wave  number  given  by  an  expression  analogous  to 
Eq.  (21),  and  Jj  and  are  the  incoming  and  outgoing  waves  given  by 


fexp{  —  «Pci«A«Ki  -  ¥.J 


jM) 


for  open  channels 
for  dosed  channels 


(79) 

for  open  channels 
for  dosed  channels 

(80) 


The  phase  +  jjx  in  these  expressions  is  introduced  for  convenience  in 
simplifying  subsequent  expressions.  We  can  rewrite  Eq.  (78)  in  matrix  form  as 

_  v  -  «/aj -  ff'B'"']  (81) 


which  is  the  3-PD  analog  of  Eq.  (24),  the  corresponding  matrices  being 
defined  similarly,  with  the  rows  and  columns  scanned  by  the  quantum  num¬ 
bers  2b*  and  A'b’i- ,  respectively. 

We  now  define  an  intermediate  scattering  matrix  3y  by 

B JHt  •  SJAJM*  (82) 


and  the  body-fixed  helicity  scattering  matrix  S'  by 

lie*)*-,.  *  "  V*  )inU.Cn‘m, 


(83) 


The  negative  sign  in  the  column  label  of  this  expression  is  introduced  be¬ 
cause  as  Rx  -  oo,  Rt  and  k,.ci,A,  become  antiparallel.  Again,  as  in  the 
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collinear  case,  the  scattering  matrix  relates  the  coefficients  of  the  outgoing 
waves  to  those  of  the  incoming  ones.  It  has  a  set  of  properties  analogous  to 
those  of  the  collinear  case.  They  are  (Lane  and  Thomas,  1958): 

(1)  S'  is  unique,  i.e,  is  independent  of  AJMj  and  of  MJt  but  depends  on 
£  and  J. 

(2)  The  open  part  S'  of  S'  is  symmetric  This  property  leads  to  the 
principle  of  microscopic  reversibility. 

(3)  S'  is  unitary.  This  results  in  the  conservation  of  particle  flux.  Eq.  (81) 
can  also  be  written  as 


qJKj  „  v  -  I +  (gJQJHj]  (84) 

where  q'Mj  and  v  are  the  same,  CJMj  and  DJMj  are  new  integration  constant 
matrices  and  and  V'  are  diagonal  sine  and  cosine  stationary  wave  matrices 
whose  diagonal  elements  are  given  by 


fsinCk^Uji  -  HJ  +jj ir] 
jexp(|**AJRJ 

fcosCk^Jl*  -  HJ  + 


for  open  channels 
for  closed  channels 

for  open  channels 
for  closed  channels 


The  reactance  matrices  are  defined,  by  analogy  to  the  scattering  matrices,  by 

O'*"  -  R'C'"',  (R')^-^  -  (87) 

The  body-fixed  helicity  reactance  matrix  R'  has  the  following  very  important 
properties,  analogous  to  those  for  the  collinear  case: 

(1)  R7  is  unique; 

(2)  R7  is  real;  and 

(3)  the  open  part  R^  of  R'  is  symmetric 


The  following  relation,  analogous  to  Eq.  (30),  is  valid: 


st  -  (i  +  xr^xi  -  «Rjr* 


(88) 


In  addition,  expressions  analogous  to  Eqs.  (31)  are  valid. 


E.  Distinguishable-Atom  Scattering  Amplitudes  and  Cross  Sections 

From  Eqs.  (70)  and  <7T>— <83)  we  can  derive  the  following  expression  for 
the  scaled  coordinate  distinguishable-atom  scattering  amplitude  for  the 
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k'n'y  — ■  Xtix  transition  in  the  body-fixed  heiicity  representation  (Schatz  and 
Kuppermann.  1976b): 

*  £  a /  +  D<i^a(o1xn)j.v 


where  the  transition  matrix  T'  is  defined  by 

Ti  -  I  -  Si 


(89) 


(90) 


This  expression  is  reminiscent  of  that  for  the  scattering  of  a  single  panicle 
by  a  central  field.  Its  simplicity  results  from  the  choice  of  the  body-fixed 
heiicity  representation.  The  corresponding  unsealed  coordinate  scattering 
amplitudes /'  can  be  obtained  from  Eqs.  (89)  and  (72). 

From  Eqs.  (89),  (72),  and  (73)  we  can  derive  the  following  expression  for 
the  Xriv  -*  /lit*  distinguishable-atom  differential  cross  section  (Schatz  and 
Kuppermann,  1976b): 


C(W  -  (<.*•)•' 


1(2 J  + 


Jm  0 


TttL?* 


(91) 


where  k'  denotes  the  initial  wave  number  in  unsealed  coordinates. 

Several  consequences  result  from  this  expression.  One  of  them  deals  with 
the  nature  of  the  dependence  of  uonfl;.  We  note  that  the  functions  difi  m, 
are  real  and  that  the  associated  Legendre  functions  are  particular  cases  of 
these  d  functions,  with  either  mu  or  equal  to  zero  (Davydov,  1965).  The 
d J  terms  display  an  oscillatory  dependence  on  0X :  the  higher  the  value  of  J, 
the  faster  is  the  rate  of  oscillation.  Nevertheless,  for  direct  reactions,  such  as 
the  distinguishable  atom  H  +H2  exchange  reaction,  the  variation  of  a  with 
6t  is  monotonic  (see  Section  1II,H,4).  The  reason  is  that  the  phases  and  am¬ 
plitudes  of  the  TJ%  matrix  elements  bear  a  relationship  to  each  other  that 
leads,  for  such  reactions,  to  the  disappearance  of  the  oscillations  in  o.  As  a 
result,  if  differential  cross  sections  devoid  of  spurious  oscillations  are  to  be 
obtained  from  ab  initio  quantum  mechanical  scattering  calculations,  a 
sufficiently  accurate  scattering  matrix  must  be  obtained  from  such  calcula¬ 
tions  (Schatz  and  Kuppermann,  1976c).  More  specifically,  not  only  must 
we  accurately  calculate  the  absolute  values  of  its  elements,  but  the  corre¬ 
sponding  phases  must  be  determined  accurately  as  well. 
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Wp  also  notice  that  although  the  scattering  amplitudes  depend  on  the 
differential  cross  sections  do  not.  The  reason  is  that  the  initial  probability 
density  is  cylindricaJly  symmetrical  around  the  quantization  axis,  and  there¬ 
fore  so  must  the  final  one  be,  in  the  absence  of  external  fields.  In  addition, 
since  dJmm(0)  »  6mm  and  dJmm{n)  »  (— . we  conclude  from 
Eq.  (91)  that  for  m‘jx.  #  mJx,  <rjfx  '(0)  vanishes,  and  for  m'jx.  #  -mJx,  oiff(n) 
vanishes.  These  rigorous  selection  rules  for  forward  and  backward  scattering 
are  related  to  the  conservation  of  J ,  (Schatz  and  Kuppermann,  1976c). 

The  integral  cross  section  QkJx  \  defined  as  the  integral  of  the  differential 
cross  section  over  all  scattering  directions,  can  be  obtained  from  Eq.  (91)  as 


KVcx-Jx-  7-0 


I)l(To)jj'/'li 


In  contrast  to  the  differential  cross  section,  we  do  not  need  accurate  phases  of 
the  transition  matrix  to  obtain  accurate  integral  cross  sections.  Therefore, 
the  latter  cross  sections  are  easier  to  calculate  than  the  former. 

The  unitarity  of  S'  permits  us  to  define  the  A'n'r  —  inxJ  partial  wave 
reaction  probability  as 

K;*-  -  i(s*)i;;-|I  (93) 


in  terms  of  which  the  in',.  -*  Xnx  integral  cross  section  for  transitions  other 
than  the  elastic  one  (i.e^  for  An4  #  A'nj.)  can  be  written  as 


Both  and  Qxfx'  may  be  averaged  over  the  initial  mjx.  and  summed 
over  the  final  mjx  to  give  the  degeneracy-averaged  quantities  and 

Q&'xlx*'  respectively.  The  latter  can  be  written,  for  inelastic  or  reactive  transi¬ 
tions,  as 


Ql& 


771 -  S  (2^  +  1)^ &iji 

Kfcx-fx-  7-0 


where  is  the  opacity  function  defined  as 

!*;&*-(%■  + 1  >-•  i 

m/xmUr 


(95) 

(96) 


Although  the  last  two  expressions  were  obtained  from  the  body-fixed  heiicity 
representation,  the  same  degeneracy-averaged  Qiffjf*'  and  partial  wave 
opacity  function  RJAu£xk'  would  have  been  obtained  if  we  had  started  from 
other  representations. 


136 


Aron  Kuppermann 


From  the  properties  of  the  open  part  of  the  scattering  matrix  we  can  derive 
related  properties  of  the  cross  section,  reaction  probabilities,  -and  opacity 
functions.  From  its  unitarity  we  obtain: 

(1)  Conservation  of  flux  for  body-fixed  helicity  transition  probabilities, 

I  -  1  (97) 

(2)  Conservation  of  opacity, 

I  -  1  (98) 

From  the  symmetry  of  Si  we  obtain: 

(3)  Microscopic  reversibility  for  body-fixed  helicity  transition  prob¬ 
abilities, 

-  P'l'A.  (99) 

(4)  Microscopic  reversibility  for  opacity  functions, 

(2/1*  +  DP'm'%*  -  (2/1  +  (100) 

(5)  Microscopic  reversibility  for  body-fixed  integral  helicity  cross 
sections, 

(101) 

(6)  Microscopic  reversibility  for  degeneracy-averaged  integral  cross 
sections, 

(%  +  Dtf  cwi- -  (21  +  (102) 

(7)  Microscopic  reversibility  for  body-fixed  helicity  differential  cross 
sections, 

(103) 

Equations  (97H103)  relate  properties  of  forward  (X  —  2)  and  backward 
(A  —  X)  processes  occurring  at  the  same  total  energy  £,  and  care  must  be 
taken  not  to  apply  them,  by  mistake,  to  such  collisions  occurring  at  equal 
translational  energies. 

F.  Cross  Sections  for  Systems  Containing  Identical  Atoms 

If  the  three  atoms  of  the  triatomic  system  being  considered  are  not  all 
distinguishable,  we  must  include  the  effects  of  the  Pauli  principle  on  the 
reactive  scattering  problem.  The  interaction  energies  between  the  nuclear 
spin  and  the  orbital  motions  are  in  general  several  orders  of  magnitude 
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smaller  than  the  Bora-Oppenheiner  interaction  potential  in  the  regions  of 
configuration  space  of  interest  to  the  scattering  process.  We  will  therefore 
neglect  those  spin-orbit  interactions  in  the  present  considerations.  Under 
these  conditions,  the  Pauli  principle  may  be  introduced  by  the  techniques  of 
post-antisymmetrization  (for  identical  fermions)  or  post-symmetrization  (for 
identical  bosons).  For  example,  for  the  H  3  system,  there  are  only  two  inde¬ 
pendent  sets  of  distinguishable  scattering  amplitudes:  Teactive  (or  exchange) 
and  nonreactive  (or  direct),  /’".  The  appropriately  antisymmetrized 
scattering  wave  functions  can  be  obtained  by  taking  linear  combinations  of 
those  of  the  distinguishable  atom  (Kuppermann  et  aL  1976),  and.  as  a  result, 
the  correct  antisymmetrized  differential  cross  sections  can  be  expressed  in 
terms  of  the /'*  and  (Schatz  and  Kuppermann,  1976b)  as: 

(1)  para  —  pan(f,j  even) 

004) 

vrJ. 

(2)  para  -»  ortho  (f  even,  j  odd) 

nos) 

vtf 

(3)  ortho  -•  para  (/  odd,  j  even) 

(io6) 

V'j- 

(4)  ortho  -» ortho  (/,  j  odd) 

<  -  -1  ( i  rr  +  tT  i2  +  2 1  /;“■•  i j)  ( 107) 

vtf 

In  these  expressions,  the  indices  2  and  A'  were  omitted,  due  to  the  identicity 
of  the  three  atoms  As  before,  the  v  quantities  are  the  channel  velocities  and  n 
stands  for  the  set  of  diatom  quantum  numbers  c.j,  m  in  the  body-fixed  helicny 
representation.  Although  the  calculations  that  furnish  the  /’*  and  /'”  are 
for  distinguishable  atoms,  for  which  the  Pauli  principle  is  ignored.  Eqs. 
(I04)-(I07)  furnish  the  correct  cross  sections  which  can  be  compared 
with  experimental  results.  It  should  be  noticed  that  in  Eqs  ( 104)  and  ( 107),  to 
which  both  /’"  and  /'*  contribute,  interference  effects  between  these  two 
scattering  amplitudes  are  present  due  to  the  /'"  ±  f "  terms. 
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G.  Computational  Methodology 

So  far  we  have  indicated  how  once  the  scattering  matrix  of  a  reactive 
system  is  known,  the  scattering  amplitudes  and  cross  sections  can  be  ob¬ 
tained.  In  this  section  we  outline  how  that  matrix  can  be  calculated  once  the 
system's  electronically  adiabatic  potential  energy  function  ^(R*,  rx,  yj  is 
known. 

As  in  the  collinear  case  (Section  II, E),  several  approaches  are  possible. 
However,  only  three  coupled-channel  methods  have  been  used  so  far  in  cross- 
section  calculations  for  3-PD  systems.  One  of  them,  developed  by  Elkowitz 
and  Wyatt  (1975a,b),  uses  natural  collision  coordinates  (NCQ  and  local 
hindered  asymmetric-top-vibrator  basis  sets,  as  reviewed  recently  by  Wyatt 
(1979).  Another,  developed  by  Kuppermann  and  Schatz  (1973),  uses  asymp¬ 
totic  free  rotor  and  local  vibrator  basis  sets,  and  different  coordinates  in 
different  regions  of  configuration  space,  similar  to  those  described  in  Section 
II,E.  The  advantage  of  Elkowitz  and  Wyatt’s  approach  is  that  their  basis 
functions  furnish  an  efficient  representation  of  the  local  motion  and  contain 
very  useful  interpretive  information  in  the  form  of  asymmetric  top-rotational 
energy  correlation  diagrams.  However,  the  NCC  are  more  cumbersome  to 
use  in  the  representation  of  the  potential  energy  function  and  in  the  calcula¬ 
tion  of  the  matrix  elements  that  appear  in  the  coupled-channel  equations. 
The  third  method  was  developed  by  Walker  et  al.  (1976,  1978)  and  has 
elements  in  common  with  both  the  Elkowitz  and  Wyatt  and  the  Kuppermann 
and  Schatz  approaches.  We  now  review  the  latter  (Schatz  and  Kuppermann, 
1 976b).  We  first  define  the  complete  discrete  orthonormal  body-fixed  basis  set : 

lU  +  1\,/2 

7*.  *0  -  9t>  o)TMtu(n,  (108) 

These  are  simultaneous  eigenfunctions  of  the  operators  J J^,  j  and 
jti  defined  at  the  beginning  of  Section  III,D.  They  span  the  4-MD  subspace 
deSned  by  the  angular  coordinates  Bx,  4>x,  yx,  We  now  expand,  in  this 
basis  set,  the  wave  functions  which  are  simultaneous  eigenfunctions  of 

H,  J and  expressed  in  A-arrangement  channel  coordinates  Rj,  rf : 


a  *--r  ^-(0*1 


(109) 

Replacement  of  this  expansion  in  the  Schrddinger  equation  furnishes  the 
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following  set  of  coupled-channel  partial  differential  equations  for  the  func¬ 
tions  F{uaf 

tiuMt  -  i  +  0«^wO»  +  t 

+  I  I'jJJifSwu  -  ttiuo*  (110) 

j* 

where  the  kinetic  energy  operators  t  are  given  by 
raJdfRi’  rt) 


rai!.iax±i(.Ri) 

ttU*  m)  *  [/O'  +  1)  -  m(m  ±  l)]"*,  |m|  £j 

and  the  potential  energy  function  matrix  element  is 

V%*{RX,  r0  -  (JxSlA  VX(RX,  rx,  yJljW  (112) 

In  Eq.  (110),  the  r^*Qi± ,  terms  are  centrifugal  coupling  terms  that  are  inde¬ 
pendent  of  V  and  couple  F{ IaBa  with  FXJx, Bx±  i-  They  depend  only  on  Rx  and 
the  quantum  numbers  J,  jx,  fl,.  For  reactive  systems,  the  range  of  total 
angular  momentum  quantum  numbers  J  that  contribute  appreciably  to 
the  reactive  cross  sections  is  usually  much  smaller  than  that  which  contributes 
to  nonreactive  inelastic  cross  sections,  and  in  many  instances  these  ta\{AQxtl 
terms  can  be  neglected.  In  this  case  Eq.  (110)  becomes  diagonal  in  i.e* 
the  F{uax  for  different  tumbling  angular  momenta  in  arrangement  channel  X 
are  decoupled,  since  the  do  not  couple  such  functions.  This  leads  to 
the  tumbling  decoupling  approximation,  considered  in  Section  IIL,H,10. 

Equation  (110)  contains  the  same  two  distances  Rk,  rx  as  did  the  Schro- 
dinger  equation  for  collinear  triatomic  systems  considered  in  Section  IIA 
The  main  difference  is  that  instead  of  a  single  equation,  we  now  have,  for 
each  J ,  a  system  of  coupled  equations  scanned  by  the  rotational  quantum 
numbers  jx  and  12,.  The  potential  energy  function  couples  different  jx 
(because  of  its  dependence  on  yj,  whereas  the  angular-momentum  tumbling 
centrifugal  terms  couple  different  ft,.  In  addition,  instead  of  only  two 
arrangement  channels  (reagents  and  reactive  products),  we  now  have  three 
such  channels  (one  reagent  and  two  product  arrangements).  The  method  of 
solution  of  these  coupled -channel  equations  is  described  most  easily  by 
considering  the  internal  configuration  space  Rx,  rx,  yx  in  the  symmetrized 
hyperspherical  coordinate  mapping  of  Section  III,B,  whose  coordinate  axes 


_£/d2  3*\ 

2 ft  \,^Rf  dr{)  2yu\ 

+  U(J  +  1)  -  2QJ  +  jx(Ji  +  D] 


2 nR‘ 


(111) 
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Ax+A^A, 


A^A^X 


Ff*3S.  Interjection  of  matching  half-phancs  «tl  with  the  X^Zj  plane  of  Fig.  30. 

Curves  are  imcrsectio.  s  of  an  equipotemiaJ  surface  with  that  same  coordinate  plane. 


arc  XiYlZl  (not  to  be  confused  with  the  axis  of  Fig.  32).  In  Fig.  33.  we  indicate 
an  outline  of  a  equipotential  on  the  XkZk  plane  (which  coincides  with  the 
X ,Z,  and  XnZ%  planes),  and  the  intersection  with  that  plane  of  three  half¬ 
planes,  labeled  itlw,  it*,  and  itKi,  whose  common  edge  is  the  Yx  axis  (which 
coincides  with  the  Y,  and  Ya  axes),  perpendicular  to  the  plane  of  the  figure. 
These  half-planes  divide  the  internal  configuration  space  into  three  arrange¬ 
ment-channel  subspaces,  JL.  v,  and  k.  When  augmented  by  the  0k,  space 

they  define  three  subspaces  of  the  total  configuration  space.  The  method  of 
solution  consists  of  integrating  the  coupled  Eqs.  (110)  over  the  range  of  Rlt 
rlt  which,  together  with  yit  spans  the  A  arrangement-channel  subspace.  This 
integration  is  performed  by  dividing  the  Rx,  rk  subspace  into  regions,  as  was 
done  in  the  collin car  case,  and  usinr  appropriate  variables  and  basis  sets  in 
each  region  (Schatz  and  Kuppermann,  1976b).  We  thereby  get,  in  each  region, 
a  set  of  coupled  ordinary  differential  equations  that  can  be  integrated  nu¬ 
merically  by  the  use  of  an  appropriate  efficient  algorithm,  such  as  that  of 
Gordon  (1969)  or  Light  and  Walker  (1976).  This  procedure  generates  a  set  of 
linearly  independent  wave  functions  rf)  that  span  the  A  arrange¬ 

ment-channel  subspace,  but  do  not  cover  the  entire  configuration  space.  We 
similarly  generate  wave  functions  rf )  and  rf)  that  span 

the  v  and  k  arrangement-channel  subspaces.  These  A,  v,  and  k  solutions 
overlap  on  the  **,  and  half-planes,  but  have  in  general  different 
values  on  those  surfaces.  In  order  to  generate  solutions  of  the  Schrddinger 
equation  for  a  given  J  and  Af  j ,  which  are  everywhere  continuous  and  smooth, 
we  take  linear  combinations  of  the  in  the  A  arrangement-channel 
subspace,  of  the  in  the  v  subspace  and  of  the  in  the  k  subspace  and 
impose  on  these  three  different  sets  of  linear  combinations  the  conditions 
that  they  be  continuous  on  the  and  ntk  half-planes  and  that  their 
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derivatives  normal  to  these  half-planes  also  be  continuous.  In  this  manner, 
we  generate  solutions  of  the  Schrodinger  equation  at  a  given  energy  £  that 
are  also  eigenfunctions  of  JlP  and  Jtmr  corresponding  to  the  quantum  numbers 
J  and  Mj,  respectively,  and  that  are  everywhere  smoothly  continuous.  An 
examination  of  the  asymptotic  behavior  of  these  solutions,  as  described  in 
Section  1I1,D,  furnishes  the  desired  reactance  and  scattering  matrices.  From 
these,  the  scattering  amplitudes  and  cross  sections  are  obtained,  as  described 
in  Sections  1II.E  and  1ILF. 

H.  Results  k»  H  +  H, 

The  only  system  for  which  accurate  3-PD  quantum  mechanical  reactive 
scattering  cross-section  calculations  have  been  performed  thus  far  is  the 
H  +  Hj  system.  Such  calculations  have  been  done  independently  by  three 
groups,  using  three  different  methods.  At  Caltech,  we  have  performed  such 
calculations  (Kuppermann  and  Schatz,  197S;  Schatz  and  Kuppermann, 
1976c)  using  the  methodology  described  in  Section  1II,G.  At  the  University 
of  Texas.  Elkowitz  and  Wyatt  (1975a.b)  used  a  natural  collision  coordinate 
method  and  rotationally  adiabatic  basis  functions.  Both  groups  used  the 
Porter- Karplus  H3  surface  (Porter  and  Karplus.  1964).  The  Caltech  group 
expanded  it  in  Legendre  polynomials  of  y*.  using  enough  terms  for  con¬ 
vergence  of  the  results  to  be  achieved.  The  Texas  group  cast  the  surface  in  a 
mathematical  form,  in  terms  of  natural  collision  coordinates,  convenient 
for  the  calculations.  As  a  result,  the  two  surfaces  as  actually  used  are  not  quite 
the  same,  differing  nonnegligibly  from  one  another  in  the  saddle-point 
region.  The  Caltech  group  used  sufficient  vibrational  basis  functions  in  the 
calculation  to  achieve  convergence  of  the  results  to  within  about  5  %.  This 
required  between  four  and  six  vibrational  basis  functions.  The  third  group, 
at  Chicago  (Walker  et  ai„  1978),  reported  some  preliminary  results  on  the 
Porter- Karplus  and  the  SLTH  (Truhlar  and  Horowitz.  1978)  potential 
energy  surfaces.  We  will  describe  next  some  of  the  results  of  the  Caltech 
calculations,  and  make  a  partial  comparison  with  the  Texas  results  in 
Section  IILH.2.  Unprimed  quantum  numbers  will  designate  reagents  and 
primed  ones  products,  the  opposite  convention  from  that  of  Sections  III.E 
and  IV,F. 

/.  Partial- Wave  Reaction  Probabilities 

In  Fig.  34a  we  display,  as  a  function  of  the  total  angular  momentum 
quantum  number  J,  and  for  several  total  energies  £.  the  distinguishable- 
atom  reaction  probability  Pj*n0-oi'  from  the  w  =  0.  _/  =*  0.  m,  =*  0  state  of 
the  reagents  to  the  o'  -  0,/  »  1  state  of  the  products,  summed  over  all  final 
m'j,  which  is  the  same  as  the  opacity  function  of  Eq.  (96)  for  the  00  —  01 
reactive  transition.  This  figure  indicates  that  such  opacity  function  has  a 


Fig.  34.  Reaction  probabilities  Tor  distinguishable-atom  three-dimensional  H  +  H, 
collisions,  (a)  Reaction  probabilities  Pj.ot-* t  (summed  over  final  m))  as  a  function  of  J  for  total 
energies  £  -  0.50. 0.55. 0.60.  0.65.  and  0.70  eV.  (b)  2J  +  I  times  these  probabilities.  The  scale 
factors  for  the  first  two  energies  are  the  numbers  by  which  the  probabilities  were  multiplied 
before  being  plotted. 
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maximum  value  at  a  low  J  and  decreases  rapidly  with  increasing  J ,  beyond 
that  maximum.  If  we  define  a?  the  lowest  value  of  J  for  which  has 

decreased  to  less  than  I  of  its  maximum  value,  then  JM1  is  4  at  0.3  e\  and 
increases  monotonically  to  about  lOat  0.7  eV.  The  contribution  of  this  opacity 
function  to  the  degeneracy-averaged  integral  reaction  cross  section  is  weighted 
by  the  factor  (2J  +  I )  as  indicated  in  Eq.  (95).  Figure  34b  displays  the  product 
(2 J  +  nP5.0o-oi  as  a  function  of  J.  The  partial  wave  that  gives  the  largest 
contribution  to  Q*o~ot  varies  from  J  »  I  at  £  *  0.3  eV  to  J  *  4  at  0.7  eV. 
We  see  that  over  this  energy  range  12  partial  waves  suffice  to  obtain  integral 
reaction  cross  sections  with  an  accuracy  of  a  few  percent  or  better.  It  is  this 
property  that  will  also  be  responsible  for  the  accuracy  of  the  angular- 
momentum  decoupling  approximation  described  in  Section  III,H,10. 

2.  Integral  Reaction  Cross  Sections 

In  Fig.  35  we  display,  as  a  function  of  the  total  energy  £,  several  distinguish¬ 
able-atom  integral  reaction  cross  sections  Q*.  which  are  the  degeneracy- 
averaged  cross  sections  of  Eq.  (95)  summed  over  all  final  c'f  states  of  the 
products.  The  curves  labeled  SK  are  the  Schatz  and  Kuppermann  (1976c) 
quantum  mechanical  results,  those  labeled  KPS  are  the  Karpius  et  al.  (1965) 
quasi-classical  trajectory  calculations,  and  the  EW  curves  are  the  quantum 
mechanical  curves  of  Elkowitz  and  Wyatt  (1975a).  The  best  agreement  is 
between  the  Qoo(SK)  and  Q5i(SK)  curves  and  the  corresponding  quasi- 
classical  ones.  Below  the  classical  threshold  we  observe  characteristic 
tunneling  behavior  in  the  SK  quantum  results,  which  will  be  discussed  in  the 
following  section. 

Agreement  between  the  SK  curves  and  the  corresponding  EW  curves  is  not 
as  good  as  one  would  have  expected,  considering  that  both  calculations  were 
nominally  done  on  the  same  potential  energy  surface  and  that  both  employed 
accurate  methods  and  extended  vibration-rotation  basis  sets.  Part  of  this 
lack  of  complete  agreement  was  due  to  a  different  proportionality  factor  in 
the  expression  for  the  cross  sections  (R.  E  Wyatt,  private  communication). 
After  that  difference  is  eliminated,  the  difference  between  the  SK  and  EW 
Qoo-oi  (antisymmetrized)  values  in  the  energy  range  0.6-0.7  eV  is  about 
20a/„.  In  addition,  the  EW  Qoo-oj/Qoo-oi  product  rotational  population 
ratio  at  £  »  0.70  eV  is  0.61,  whereas  the  SK  one  is  0.25.  Considerable  effort 
was  devoted  to  identifying  the  causes  of  these  differences,  since  these  are  the 
only  two  exact,  detailed  3-PD  reactive  scattering  calculations  published  so 
far.  The  conclusions  reached  are  that  they  are  mainly  due  to  two  causes.  One 
is  that  (he  EW  representation  of  the  Porter- Karpius  surface  differs  non- 
negligibly  from  the  surface  itself.  To  correct  for  this  difference,  J.  P.  Dwyer 
and  A.  Kuppermann  (unpublished  results,  1977)  made  calculations  using 
exactly  the  surface  that  EW  used,  for  J  -  0  and  £  *  0.60  eV.  The  resulting 
reaction  probabilities  were  closer  to  the  corresponding  EWs  than  previously. 
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Ft*.  35.  Comparison  of  H  +  H,  3-PD  reactive  integral  cross  sections  as  a  function  of  the 
total  energy  £  and  initial  relative  translational  energy  £,  for  several  calculations.  The  Qj^KPS) 
for  j  »  (X  1.  and  2  are  the  quasi-classicaJ  results  of  Karplus,  Porter,  and  Sharma  (dashed  lines), 
while  Qjo  (EW)  is  the  analogous  total  reaction  cross  section  obtained  by  Elkownx  and  Wyatt 
(squares).  The  Schatz  and  Kuppermann  results  are  connected  by  solid  lines  and  labeled  Q*t  (SK) 
with  /  ■  0. 1,  Z  The  arrows  below  the  upper  abscissa  indicate  the  energies  at  which  the  ground 
vibrational  state  product  rotational  levels  having  the  j  values  indicated  become  energetically 
accessible. 

but  about  one-half  of  the  difference  still  persisted.  This  is  assumed  to  be  due 
to  lack  of  complete  convergence  of  the  EW  calculation  at  some  E  and  J 
(Wyatt,  1979). 

J.  Tunneling  Effects 

The  deviation  between  the  SK  and  KPS  Q*0  and  QS,  curves  of  Fig.  35 
around  £  *  0.58  eV  is  similar  to  the  corresponding  deviation  for  the  collioear 
reaction  where,  as  described  in  Section  II.F .2.  a  streamline  of  probability 
current-density  analysis  has  shown  inequi vocally  the  presence  of  large 
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tunneling  contributions.  These  differences,  although  small,  affect  in  a  signi¬ 
ficant  way  the  corresponding  thermal  reaction  rate  constants.  Karplus  et  al. 
(1965)  have  computed  such  rate  constants  k\T)  from  their  quasi-cfassical 
trajectory  cross  sections.  These  can  be  converted  to  the  para  -*  ortho  rate 
constants  by  multiplication  by  the  ratio  K,,(T)/[I  +  /C„(7)]  where  K„(T) 
is  the  corresponding  ortho  *-*  para  equilibrium  constant  at  temperature  T 
obtained  from  the  potential  energy  surface  using  quantum  statistical  mech¬ 
anics  (Schatz  and  Kuppermann,  1976c).  In  Fig.  36  we  present  Arrhenius 
plots  of  the  SK  and  KPS  para  -» ortho  rate  constants  fcp_0(T)  over  the 
temperature  range  100-600  K  permitted  by  the  available  3-PD  quantum 
cross  sections.  Also  presented  is  the  corresponding  transition-state  theory 
curve  (TST)  with  unit  transmission  coefficient. 


TOO 


Ft*.  X.  Arrhenius  plot  at  the  para  —  ortho  3-PD  H  +  H.  thermal  rate  constant.  The 
quantum  result  of  Schatz  and  Kuppermann  is  denoted  by  SK.  while  the  classical  result  of  Karplus. 
Porter,  and  Sharma  is  labeled  KPS  and  the  transition  state  theory  result  with  unit  transmission 
coefficient  is  labeled  TST. 
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At  600  K  the  quasi-dassical  kp_.  differs  from  the  quantum  one  by  only  7  %. 
This  close  agreement  is  due  to  the  agreement  between  the  corresponding 
<2*o  and  <25,  of  Fig.  35,  at  energies  above  the  quasi-classicai  threshold.  How¬ 
ever,  because  of  tunneling  effects,  the  quantum  kp».  is  3.3  times  larger  than 
the  quasi-dassical  one  at  300  K,  and  18  times  larger  at  200  K.  The  significant 
nonlinearity  in  the  quantum  curve  of  Fig.  36  is  also  apparently  related  to 
tunneling,  although  as  described  in  Section  II,F,2,  tunneling  in  the  collinear 
H  +  H2  reaction  can  make  significant  contributions  to  the  rate  constant  even 
at  1000  K  where  the  collinear  reaction-rate  constant  Arrhenius  plot  is  quite 
linear. 

The  TST  rate  constant  deviates  from  the  quantum  rate  constant  even  more 
than  the  quasi-classical  one  with  kp_a  (SK )/kp_„  (TST)  being  20  at  300  K  and 
427  at  200  K.  Part  of  this  error  is  due  to  the  neglect  of  tunneling  corrections 
(Kuppermann,  1979). 


4.  Differential  Cross  Sections 

In  Fig.  37  we  present  the  properly  antisymmetrized  differential  cross 
sections  <r50o-os«i  as  a  function  of  the  reactive  scattering  angle  0„  between 
H-H2  final  wave-number  vector  and  the  H2-H  initial  wave-number  vector, 
for  £  »  0.6  eV  and  m)  having  all  possible  values.  We  see  that  only  for  the 
m)  »  0  polarization  quantum  number  is  there  a  peak  in  the  backward 
direction.  As  \m'}\  increases,  the  reactive  scattering  shifts  to  a  more  forward 
direction,  with  the  cross  sections  peaking  at  0t  *  139°,  117°,  and  102°  for 
Intyl  >1,2,  and  3,  respectively.  The  fact  that  for  m)  #  0  these  differential 
cross  sections  vanish  at  0,  =■  08  and  180”  is  a  consequence  of  Eq.  (91)  as 
explained  in  Section  III.E  As  can  be  seen,  these  differential  cross  sections 
are  smooth  functions  of  0R,  giving  no  indication  of  spurious  oscillations. 
This  is  a  sensitive  indication  of  the  accuracy  of  the  calculation,  as  also  ex¬ 
plained  in  Section  III,E  In  order  to  achieve  it,  special  care  was  taken  to 
assure  convergence  of  the  scattering  matrix  amplitudes  and  phases  at  each 
partial  wave,  as  well  as  to  include  a  sufficiently  large  number  of  partial  waves 
in  the  expansion.  Elkowitzand  Wyatt  ( 1975a,b)  have  not  published  differential 
cross  sections,  presumably  because  of  the  difficulty  of  achieving  such  con¬ 
vergence.  In  any  event,  the  SK  results  represent  the  only  accurate  quantum 
mechanical  reactive  differential  cross  sections  published  so  far. 

In  Fig.  38  we  have  plotted  the  distinguishable  atom  nonreactive  differential 
cross  sections  <rSoo-oj<.;  as  a  function  of  the  scattering  angle  (between  the 
H2-H  final  and  initial  wave-number  vectors)  for  £  »  i  eV  and  m)  having 
ail  possible  values.  We  see  that  significant  cross  sections  occur  at  all  mj  and 
at  all  scattering  angles  not  too  close,  for  mj  #  0,  to  0°  or  180°.  This  behavior 
of  the  nonreactive  cross  sections  contrasts  with  that  of  the  antisymmetrized 
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Fig.  37.  Diflereniial  cross  section  fm-tia)  for  the  3-PD  H  +  Hj  —  H,  +  H  reaction  as  a 
function  of  the  reactive  scattering  angle  9%  tot  E  -  0.6  eV  and  ail  possible  m'r .  The  curve  labeled 
sum  is  the  sum  of  all  seven  cross  sections  and  is  equal  to  the  degeneracy-averaged  ffoo-«s- 
Scale  factors  have  meanings  analogous  to  those  of  Fig.  34. 


one  in  Fig.  37,  which  according  to  Eq.  (103)  is  proportional  to  the  reactive 
cross  section.  The  latter  has  significant  contributions  only  Tor  mj  *  0  and 
for  0a  close  to  180°.  The  reason  for  this  difference  in  behavior  is  the  fact  that 
for  this  system  the  potential  energy  function  has  a  strong  minimum,  at  the 
energies  considered,  in  the  collinear  direction,  as  indicated  in  Fig.  31.  As  a 
result,  for  reactive  collisions  to  occur,  the  reagents  must  approach  almost 
collinearly  and  the  products  recede  from  each  other  almost  collinearly.  The 
latter  effect  produces  the  backward-peaked  reactive  angular  distribution. 
In  addition,  a  polarization  propensity  rule,  which  favors  m}  -  0  -•  m)  ■  0 
reactive  transitions,  results,  and  is  '  jrther  discussed  in  the  following  subsec¬ 
tion. 
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Fig.  38.  Differential  nonreactive  cron  notion  oZao-oim,  **  *  function  of  scattering  angle  9 
for  £  «  0.6  eV  and  ail  possible  m].  The  curve  libeled  sum  is  the  sum  of  all  live  cron  sections  and 
is  equal  to  the  degeneracy-averaged  fao-oi  ■ 

3.  Polarization  Propensity  Rules 

It  can  be  seen  from  Fig.  37  that  the  maximum  differential  cross  section  for 
the  m,  m  0  -»  mj  »  ±1  reactive  transitions  is  about  one  order  of  magnitude 
smaller  than  that  for  0  -» 0  and  that  it  decreases  by  another  order  of  magnitude 
in  going  to  the  0  -*  ±2  ones  and  an  additional  order  of  magnitude  in  going  to 
the  0  ->  ±3  reactive  transitions.  Such  effect  does  not  exist  for  the  nonreactive 
transitions  of  Fig.  38.  In  addition,  an  analysis  of  the  integral  cross  sections 
over  the  energy  range  E  =*  0.30-0.70  eV  for  the  Qjntj  —  0/m}  reactive  transi¬ 
tions  indicates  that  the  m}  »  m^  »  0  cross  section  is  typically  10-20  times 
larger  than  any  other  with  the  same  c'f  and  cj.  In  addition,  for  a  given  cjntj 
and  c'f,  this  cross  section  is  a  decreasing  function  of  |m)|.  By  microscopic 
reversibility,  for  given  cj  and  c'/m},  it  is  a  decreasing  function  of  \mj\.  This 
indicates  a  significant  reagent  and  product  rotational  angular  momentum 
polarization  effect  in  the  helicity  representation. 
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(o) 


(b) 
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FT*.  39.  Influence  of  reagent  projection  quantum  number  ntj  (for  j  >  0)  on  the  allowed 
relative  orv^iauoni  of  atom  A  with  respect  to  diatom  BC  for  zero-impact  collisions:  (a)  m,  •  0 
initially  ...  ..rat  the  rotational  angular  momentum  vector  is  perpendicular  to  the  direction  of 
relative  motion:  (b)  m,  >  0  initially  so  that  the  j  vector  lies  on  a  cone  about  the  relative  motion 
vector  and  makes  an  acute  angle  with  it.  In  both  (a)  and  (b)  the  rotation  plane  of  the  diatom  is 
indicated  by  the  smaller  ellipse. 

These  empirical  propensity  rules  can  be  rationalized  on  the  basis  of  the 
collinear-type  characteristics  of  the  3-D  potential  energy  function  for  the 
H  +  H  j  system.  Indeed,  the  rotational  wave  function  of  the  diatom  at  large  dis¬ 
tances  from  the  atom  is  YjxmJyx,  4>i)  before  the  collision  and  Yjx.miiX','i  .  4>v) 
after  the  collision.  These  functions  have  nodal  lines  along  the  yx-  or  yx  equal 
to  0  or  it  directions  favored  by  the  potential,  unless  the  polarization  quantum 
numbers  vanish.  This  implies  that  the  m)  ■  mt  =  0  reaction  cross  sections 
should  be  larger  than  ail  others,  in  agreement  with  the  calculation 
results.  This  can  also  be  visualized  classically  by  recalling  that  initially 
Q  »  —  mj,  so  that  ■  0  implies  (for  nonzero  j )  that  the  axis  of  rotation  is 
perpendicular  to  the  direction  of  approach,  as  schematically  indicated  in 
Fig.  39.  In  this  situation,  twice  during  each  diatom  rotation  the  three  atoms 
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go  through  a  coilinear  configuration  (for  zero  impact  parameter).  For 
nij  #  0  no  coilinear  configurations  are  sampled.  After  the  collision,  mj  Cl' 
so  that  again  only  for  m)  =*  0  can  we  have  a  postcollision  coilinear  orientation. 

As  a  consequence  of  this  model,  we  would  expect  that  integral  reaction 
cross  sections  for  which  n]»0ormj  =  0  (but  not  both)  should  be  signi¬ 
ficantly  larger  than  those  for  which  neither  of  these  helicity  polarization 
quantum  numbers  vanish.  This  is  indeed  the  case  (Schatz  and  Kuppermann, 
1976c). 

6.  Reagent  and  Product  Rotational  State  Distributions 

The  degeneracy-averaged  integral  reaction  cross  sections  for 

c  »  c‘  »  0  depend  both  on  the  rotation  states  j  of  the  reagents  and  /  of  the 
products.  In  Figs.  40  and  41  we  present  surprisai-type  plots  of  the  product 


Fig.  40.  Reactive  degeneracy-averaged  integral  cross  sections  Qoi-oi  for  the  H  -f  H,  3- PD 
exchange  reaction  divided  by  (2f  +  1)  *  #£7),  as  a  function  of  the  product  rotational  energy 
Er  and  rotational  quantum  number  /  at  0.60-eV  total  energy  for  initial  rotational  quantum 
numbers  /  -  0-4.  piEf)  is  a  relative  translational  density  of  states  which  lor /  -  0  equals  1. 
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rotational  state  distributions  (Ben-Shaul  et  aL  I972a.b;  Levine  and  Kinsey, 
1979).  We  see  from  Fig.  40  that  at  £  -  0.6  eV  and  for  low /  the  plots  for  each 
j  are  linear,  and  for  the  first  four  values  of  j  they  have  the  same  slope.  For 
jm  0  and  £  between  0.4S  and  0.70  eV,  Fig.  41  indicates  a  similar  linear  be¬ 
havior,  with  the  slopes  of  the  surprisal  plots  depending  on  the  total  energy. 
Therefore,  surprisal  parameters  are  a  useful  compact  way  of  describing  the 
dependence  of  these  reactive  scattering  cross  sections  on  the  rotational  states 
of  the  reagents  and  products. 

7.  Interference  Effects  between  Direct  and  Exchange  Processes 

According  to  Eq.  (104),  we  expect  to  see  interference  effects  between  the 
nonreactive  fH  and  reactive  /•  scattering  amplitude  contributions  to  the 


Fig.  41.  Reactive  degeneracy-averaged  integral  cron  sections  QU-or  lor  the  H  +  H, 
3-PD  exchange  reaction  divided  by  (If  +•  I)  x  *>(£”)  as  a  function  of  the  product  rotational 
energy  E,  and  rotational  quantum  number  /  at  0.45.  0150,  0.55.  0.60.  0.65,  and  0.70  eV  total 
energy.  H£T)  has  the  same  meaning  is  in  Fig.  40. 
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Ftf.  42.  Differential  cron  sections  <$oc-oi*:  (solid  lines  labeled  A)  and  <$00-02*,  (dashed 
lines  labeled  N)  as  a  function  of  the  scattering  angle  9  for  (a)  m)  -  0.  (b)  m,  ■  +  I.  and  (c) 
m)  -  ±2  at  £  -  0.70  eV,  for  the  H  +  H,  J-PD  exchange  reaction. 

para  -*  para  differential  cross  sections.  This  is  displayed  in  Fig.  42  where  we 
plot,  as  a  function  of  scattering  angle,  the  nonreactive  and  antisymmetrized 
differential  cross  sections  <r00o-ozmt  at  £  =■  0.70  eV,  for  m}  assuming  all  of  its 
possible  values.  The  oscillations  in  the  antisymmetrized  curves  are  due  to  the 
interference  just  mentioned.  These  oscillations  are  still  present  in  the  cor¬ 
responding  degeneracy-averaged  differential  cross  section  do0-o2«  35  dis¬ 
played  in  Fig.  43  where,  for  comparison  purposes,  the  reactive  cross  section 
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Fig.  43.  Degeneracy-averaged  <r?0-oj-  <*oo-oi- and  ®oo-<u  as  a  function  of  scattering  angle 
9  at  a  total  energy  of  0.70  eV.  corresponding  to  the  state-io-siate  cross  sections  of  Fig.  41 


ffoo-02  is  also  shown.  It  is  interesting  to  notice  that  these  oscillations  are 
quite  pronounced  even  at  scattering  angles  between  60°  and  80°,  in  which 
range  <7*0-01  's  about  two  orders  of  magnitude  smaller  than  ffoo-02-  Al¬ 
though  these  indistinguishable-atom  interference  effects  are  known  for  the 
scattering  of  identical  atoms,  such  as  in  He- He  collisions,  it  is  somewhat 
surprising  that  they  should  be  so  pronounced  for  the  highly  anisotropic 
reactive  system  considered,  where  averagings  associated  with  partial-wave 
sums  and  reagent  and  product  orientations  might  be  expected  to  produce  a 
significant  attenuation  of  these  oscillations. 
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8.  Dynamic  Feshbach  Resonances 

In  Fig.  44  we  display,  as  a  function  of  total  energy  £  and  relative  reagent 
translational  energy  £0,  the  distinguishable-atom  reaction  probabilities 
P5o-o  and  PSo-i  for  J  »  0  (solic  curves  labeled  3D)  (Schatz  and  Kupper- 
man  a,  1975).  These  are  the  sums  of  the  3-PD  reaction  probabilities 
Pooo-ofm)  and  f’ooo-i/--,  over  all  final  product  /  and  mj.  The  other  curves, 
labeled  ID  and  2D,  are  corresponding  curves  for  collinear  (1-PD)  and  co¬ 
plan  ar  (2-PD)  reactions,  and  are  given  for  comparison  purposes.  The 
potential  energy  surface  used  was  that  of  Porter  and  Karplus  (1964).  The 
oscillation  centered  at  a  total  energy  of  0.97  eV  in  the  3D  curve  is  due  to  a 
dynamic  Feshbach  resonance,  and  involves  a  quantum  interference  between 
a  direct  reaction  mechanism  and  a  compound  state  one,  in  which  the  energy 
is  temporarily  trapped  in  internal  degrees  of  freedom  of  the  system  (Schatz 
and  Kuppermann,  1973, 1975). 

The  nature  of  these  degrees  of  freedom  was  discussed  in  Section  111X3. 
We  see  that  an  energy  shift  of  about  0.05  eV  occurs  in  the  position  of  the 
resonance  in  going  from  1-PD  to  2-PD  and  again  in  going  from  2-PD  to 
3-PD.  This  shift  can  be  rationalized  as  arising  from  the  zero-point  energy  of 
about  0.06  eV  of  the  bending  mode  of  the  saddle-point  configuration  of  the 
potential  energy  surface.  In  the  copianar  case  the  shift  is  approximately 
equal  to  that  zero-point  energy.  In  the  3-PD  case,  this  bending  mode  is 
doubly  degenerate,  so  that  an  additional  amount  of  zero-point  energy  is 
required.  This  suggests  how  the  position  of  1-PD  resonances  can  be  used  to 
predict  where  the  3-PD  resonances  should  lie  for  collin early  dominated 
reactions. 

Estimates  of  the  energy  dependence  of  the  integral  cross  section  for  the 
reaction  from  the  ground  rotational-vibrational  state  of  the  reagent  to  the 
first  vibrationally  excited  state  of  the  product,  for  3-PD  collisions,  is  similar 
to  that  of  the  corresponding  J  »  0  reaction  probability,  depicted  in  the 
lower  panel  of  Fig.  44,  and  has  a  peak  value  of  0.05  bohr3.  Therefore,  the 
partial-wave  and  product  rotational  state  sums  involved  in  the  calculation 
of  this  cross  section  do  not  wash  out  the  resonances  obtained  for  the  collinear 
system,  at  least  for  the  present  collin  early  dominated  reaction.  We  therefore 
expect  this  resonance  to  exist  in  the  real  world. 

Both  copianar  and  3-PD  calculations  indicate  that  the  resonance  has  a 
significant  effect  only  on  the  /  -  0-7  partial  waves,  whereas  away  from  the 
resonance  but  at  energies  close  to  it  nonnegligible  reaction  probabilities 
occur  for  the  wider  J  -  0-17  range.  Therefore,  at  the  resonance  energy,  one 
should  expect  oscillations  to  develop  in  the  angular  dependence  of  the  re¬ 
active  differential  cross  section.  The  reason  is  that  as  pointed  out  in  Section 
niX.  the  individual  partial-wave  contributions  to  the  scattering  amplitudes 
are  highly  oscillatory  in  nature,  and  fairly  slight  calculations!  inaccuracies 
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Fif.  **•  Collinear  (ID),  coplanar  (2D),  and  three-dimensional  (2D)  reaction  probabilities 
for  the  H  +  H,  exchange  reaction  as  a  (unction  of  the  total  energy  £  and  relative  translational 
energy  £..  and  /*{_,  are  the  collinear  reaction  probabilities  (rom  n  -  0  of  the  reagent 
Hj  ton'  -  0  and  *  -  I,  respectively.  o(the  product  Ht.  Pfo-o  and  Poo-i  are  the  2D  or  2D  (as 
specified)  reaction  probabilities  (or  the  total  angular  momentum  J  *  0  partial  wave  from  n  -  0. 
j  <•  o  of  the  reagent  H ,  to  n  -  0  and  n' m  I.  respectively,  of  the  product  Hj  summed  over  all 
product  rotational  states  within  a  given  vibrational  manifold.  Panel  (a)  curves  depict  vibration- 
ally  elastic  reaction  probabilities,  whereas  panel  (b)  curves  depict  vibrationally  inelastic  ones. 
Arrows  in  abscissa  indicate  the  energy  at  which  the  n  <■  I  state  of  Hj  becomes  accessible. 
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in  the  elements  of  the  scattering  matrix  for  one  partial  wave  are  usually 
enough  to  upset  the  delicate  balance  between  partial  waves,  which  leads  to 
nonoscillatory  differential  cross  sections,  thereby  resulting  in  strong  spurious 
oscillations.  It  is  reasonable  to  expect  that  the  presence  of  resonances  in  some 
of  the  partial  waves  that  contribute  significantly  to  the  cross  sections  should 
have  a  similar  effect,  as  is  experimentally  observed  for  inelastic  electron 
scattering  (Erhardt,  1969).  This  argument,  developed  for  distinguishable- 
atom  cross  sections,  retains  its  validity  for  indistinguishable-atom  para  -• 
ortho  channels. 

9.  Relation  between  Colinear,  Copianar,  and  Three-Dimensional  Results 

Since  the  H  +  H2  3-PD  reaction  is  collinearly  dominated,  Le,  V(R,  r,  y) 
has  a  deep  minimum  with  respect  to  y  at  y  »  0,  it,  it  might  be  expected  that 
the  results  for  the  collin ear  and  3-PD  systems  are  related.  Furthermore,  since 
both  the  copianar  (2- PD)  and  3-PD  systems  feel  the  entire  K(£,  r,  y)  potential 
energy  function,  they  should  also  be  related.  For  these  reasons,  we  now 
compare  the  results  of  these  three  calculations.  This  is  done  in  Fig.  45,  where 
we  plot,  as  a  function  of  total  energy  £  and  translational  energy  £0,  the  total 
reaction  probabilities  from  the  ground  vibrational  (and  rotational,  for  the 
2-PD  and  3-PD  cases)  state  of  the  reagents  to  all  accessible  states  of  the  pro¬ 
ducts  (for  J  -  0  in  the  2-PD  and  3-PD  cases).  The  figure  indicates  a  sur¬ 
prisingly  similar  energy  dependence  over  several  orders  of  magnitude  of 
these  probabilities.  There  are,  however,  two  important  differences,  both  of 
which  provide  significant  insight  into  the  reactive  collision  dynamics.  First, 
an  energy  shift  approximately  equal  to  the  zero-point  energy  of  the  bending 
mode  of  the  saddle-point  region  occurs,  as  it  did  for  the  resonance  positions, 
in  going  from  1-PD  to  2-PD  to  3-PD.  This  indicates  that  the  bending  mode 
zero-point  energy  is  not  available  to  the  reactive  process.  The  second  differ¬ 
ence  between  the  1-PD,  2-PD,  and  3-PD  results  lies  in  the  probabilities  at 
the  first  maximum,  which  occurs  in  the  upper  panel  of  Fig.  44.  The  collinear 
probability  peaks  near  unity,  whereas  that  of  the  copianar  levels  off  at  about 
0.6,  and  the  3-PD  one  roughly  at  0.45.  This  behavior  can  be  qualitatively 
understood  if  it  is  assumed  that  in  both  the  2-PD  and  3-PD  cases  the  prob¬ 
ability  of  reaction,  considered  as  a  function  of  y,  is  unity  for  0  <l  y  &  54s  and 
126  :£  ?  £  180*  and  vanishes  otherwise  (Schatz  and  Kuppermann.  I976a.c). 
This  indicates  that  the  2-PD  and  3-PD  orientation  dependence  is  probably 
quite  similar  with  primarily  dimensionality  considerations  responsible  for 
the  difference  in  reaction  probabilities. 

The  2-PD  and  3-PD  differential  cross  sections  <7oo~ot  are  plotted  in  Fig. 
46,  the  corresponding  ordinate  scales  being  those  at  the  right  and  the  left, 
respectively.  These  scales  were  adjusted  to  bring  the  corresponding  points 
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Fif.  45.  One*,  two*,  and  three-dimensional  total  reaction  probabilities  P*  (ID).  Pj, 
(2D.  J  •OX  and  Pj,  (3D.  J  •OX  summed  over  ail  final  states,  as  a  function  of  the  total  enerfy 
£  and  initial  relative  translational  energy  £0.  for  the  H  +  H,  exchange  reaction. 

into  approximate  agreement  at  —  180°.  The  energy  for  the  2- PD  curve  is 
0.55  eV,  and  that  of  the  3-PD  curve,  0.60  eV  so  as  to  include  the  energy  shift 
due  to  the  bending  energy.  These  two  cross  sections  show  a  remarkably 
similar  angular  dependence  over  the  entire  range  of  scattering  angles.  A 
similar  comparison  at  other  energies  in  the  0.3-0.7  eV  range  leads  to  com* 
parable  agreement  This  suggests  that  the  2-PD  and  3-PD  dynamics  are 
quite  similar  and  conversion  of  2-PD  to  3-PD  results  could  prove  to  be  an 
accurate  approximate  technique. 
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Fit,  44.  Two-  and  three-dimetuiona/  cross  sections  <r$ i,01  (2D)  and  aio-o i  (3D)  as  a 
function  of  reactive  scattering  angJe  for  the  H  +  H  2  exchange  reaction.  The  3D  cross  section 
(solid  curve),  at  0.60-eV  total  energy,  is  referenced  to  the  left-side  ordinate  scale,  whereas  the  2D 
result  (bides)  at  0.35  eV  is  referenced  to  the  right-side  scale. 


10.  Angular  Momentum  Decoupling  Approximations 

To  perform  3-PD  reactive-scattering  quantum  mechanical  calculations 
requires  a  very  considerable  amount  of  computational  effort  For  example, 
for  the  H  +  H2  system,  which  is  ideally  suited  for  such  calculations,  the 
amount  of  computation  time  on  an  IBM  370/158,  for  J  t  4,  was  approxi¬ 
mately  l  hr  per  value  of  J  per  energy,  and  the  number  of  values  of  J  to  achieve 
convergence  at  E  «  0.6  eV  was  about  15  for  reactive  cross  sections  and  35  for 
nonreactive  inelastic  cross  sections.  For  other  systems,  involving  more 
closely  spaced  vibrational-rotational  levels,  the  number  of  coupled  channels 
involved  can  be  considerably  larger,  and  the  amount  of  computation  time 
required  increases  approximately  with  the  cube  of  such  a  number.  Therefore, 
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except  for  a  few  carefully  chosen  benchmark  systems,  only  approximate 
methods  will  be  applicable  using  present-day  computers  or  those  likely  to 
be  developed  within  the  next  decade.  As  a  result,  it  is  important  to  test  the 
validity  of  such  approximate  methods  for  the  systems  for  which  accurate 
calculations  have  been  performed.  So  far,  this  includes  only  the  H  +  H  2 
system. 

One  approximate  method  that  can  be  conceived  of  is  the  2-PD  to  3-PD 
conversion  mentioned  in  the  previous  section.  Another  is  based  on  the  re¬ 
marks  about  Eq.  (110),  made  after  Eq.  (112).  For  reactive  systems,  the  po¬ 
tential  coupling  terms  in  the  former  equation  may  be  expected  to  be 
more  important  than  the  tumbling  angular-momentum  centrifugal  coupling 
terms  fo^oA±i-  In  order  to  test  this  assumption,  calculations  were  made  in 
which  the  latter  terms  were  dropped  (Kuppermann  et  aU  1977).  This  ap¬ 
proximation  was  implemented  in  two  forms.  In  one,  when  linearly  combining 
the  2-arrangement  channel-wave  functions  i Irjj*/  generated  by  the  solutions 
of  the  {^-decoupled  approximation  to  Eq.  (110),  in  order  to  obtain  solutions 
to  the  Schrodinger  equation  that  are  everywhere  smoothly  continuous,  all 
Qj  terms  were  included.  This  is  called  the  proper  decoupling  scheme,  and 
labeled  PO.  In  the  other,  labeled  SD  for  simple  decoupling,  only  solutions  of 
equal  Q  were  included  in  this  smooth  matching  procedure. 

In  Figs.  47  and  48,  we  display  the  results  of  such  calculations  for  reactive 
and  nonreactive  transitions.  In  both  figures,  the  solid  lines  are  the  results  of 
exact  3-PD  calculations,  the  squares  refer  to  the  PD  scheme,  and  the  tri¬ 
angles  to  the  SD  scheme.  In  Fig.  47,  the  total  energy  was  0.6  eV,  the  open 
symbols  represent  the  approximate  nonreactive  probabilities  and  the  closed 
symbols  represent  the  approximate  reactive  probabilities,  all  for  the 000 — 020 
distinguishable-atom  process.  It  can  be  seen  that  the  PD  scheme  is  an 
excellent  one  for  the  reactive  process,  but  rather  poor  for  the  nonreactive 
process.  In  Fig.  48,  the  distinguishable-atom  integral  reaction  cross  sections 
for  the  000  —  020  (closed  symbols)  and  000  -*010  (open  symbols)  are  given 
as  a  function  of  £0  and  E.  Again  it  can  be  seen  that  the  PD  approximation  is 
excellent,  agreeing  with  the  exact  results  to  within  7.5  %  over  the  range  of  total 
energy  of  0.45-0.65  eV.  However,  for  reactive  processes  for  which  the  condi¬ 
tion  mj  m  mj  m  0  js  not  fulfilled,  the  PD  and  SD  probabilities  can  be  in  error  by 
one  or  more  orders  of  magnitude.  For  example,  for  the  D-conserving  01-1 
-*  01 1  reactive  process  at  £  -  0.6  eV  and  J  ■  5,  the  ratio  of  the  PD  prob¬ 
ability  to  the  accurate'  one  is  0.47  x  10"  *,  and  for  the  non-D-conserving 
000  -•  01 1  reactive  process  this  ratio  is  0.041.  On  the  other  hand,  as  seen  in 
Section  1144,  the  reactive  transitions  vjml  -*  o'j mj  for  which  mj  *  mj  m  0 
are  an  order  of  magnitude  or  more  intense  than  the  reactive  ones.  Conse¬ 
quently,  the  corresponding  summed  and  averaged  integral  reaction  cross 
sections  Q*j-oy  are  still  reasonably  accurate  for  low  j  and  /. 
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Fig.  47.  Dittinfuuhable-dom  probabilities  Tor  the  000  020  transition  u  a  function  of 

total  angular  momentum  quantum  number  J  for  reactive  and  nonreactive  3D  collisions  of  H 
with  H2  at  a  total  energy  of  0i6  eV.  The  solid  curves  are  accurate  quantum  calculations.  The 
triangles  correspond  to  the  simple  decoupling  (SD)  angular  momentum  scheme  and  the  squares 
to  the  proper  decoupling  'PD)  one. 


Although  for  the  nonreactive  $tate-to-state  0 jm}  —  0/m}  transitions,  these 
Q-decoupling  schemes,  as  shown  in  Fig.  47,  give  poor  results,  the  correspond' 
ind  summed  and  averaged  integral  cross  sections  are  in  very  good  agreement 
with  the  exact  calculations,  indicating  that  hr  a  given  j  these  approximations 
transfer  nonreactive  flux  from  m}  #  0  to  m}  -  0. 

We  conclude  that  for  the  H  +  H2  system,  these  Q-angular  momentum 
decoupling  schemes  are  quite  accurate  approximate  ways  of  calculating 
reactive  and  nonreactive  summed  and  averaged  integral  reaction  cross 
sections.  In  view  of  the  large  saving  in  computer  time  these  approximations 
entail,  they  should  permit  approximate  3*PD  quantum  mechanical  reactive 
scattering  calculations  to  be  performed  for  systems  involving  large  numbers 
of  channels.  A  first  calculation  of  this  type  was  recently  performed  by 
Redmon  and  Wyatt  (1979)  for  the  F  +  H  2  -*  FH  +  H  reaction. 
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Fit-  A  Distinguishable-atom  integral  reaction  cross  sections  for  the  000  —  020  transitions 
as  a  function  of  initial  relative  transitu -nil  energy  £,  and  total  energy  £  for  3D  collisions  of  H 
wit  h  H  j .  The  solid  curves  are  accur  ".mum  calculations.  The  triangles  (connected  by  dashed- 
dotted  curves)  correspond  to  the  -  =cneme  and  the  squares  to  the  PD  scheme  (see  Fig.  47). 


IV.  General  Systems  and  Processes 

In  Delves’  scaled  coordinates,  the  rotational  invariance  properties  given 
by  Eqs.  (13)  and  (64)  can  be  generalized  to  N-atom  3-PD  systems.  Therefore, 
the  physical  ideas  and  computational  methodology  developed  for  triatomic 
systems  can  be  conceptually  generalized  to  polyatomic  systems  without 
difficulty.  This  includes  electronically  nonadiabatic  reactions,  which  can  be 
described  by  a  straightforward  generalization  of  the  formalism  used  in  Sec¬ 
tion  II.H,  as  well  as  dissociative  and  recombinative  processes,  as  considered 
in  Section  IU.  In  the  latter  case,  the  symmetrized  hyperspherical  coordinates 
introduced  in  Section  III.B  for  triatomic  systems  and  their  generalization  for 
polyatomic  systems,  are  particularly  useful.  The  difficulties  in  tackling  such 
systems  and  processes  of  higher  dimensionality  and  complexity  is  therefore 
not  conceptual,  but  practical  The  number  of  coupled -channel  equations 
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needed  becomes  rapidly  excessive  not  only  for  present-generation  computers, 
but  also  for  those  of  the  imaginable  future.  However,  once  sufficiently  ac¬ 
curate  benchmark  calculations  are  available  for  simple  systems,  they  can 
be  used  to  test  the  validity  of  the  approximate  reactive  scattering  methods 
currently  in  existence  or  being  developed.  The  hope  for  the  future  is  that 
reliable  and  highly  efficient  methods  of  this  kind  can  be  found  and  used  with 
the  formalism  just  outlined  to  provide  a  theoretical  description  and  interpre¬ 
tation  of  such  more  complex  systems  and  processes. 


V.  Coacharfoa 

A  detailed  formulation  of  the  quantum  mechanical  exchange  reaction 
problem  between  an  atom  and  a  diatomic  molecule  has  led  to  the  develop¬ 
ment  of  accurate  methods  for  obtaining  ab  initio  cross  sections  for  such  reac¬ 
tions,  and  to  their  implementation  for  the  H  +  H  2  three-dimensional  system. 
The  results  of  such  calculations  have  provided  a  detailed  understanding  of  the 
dynamics  of  this  reaction  and  to  the  prediction  of  the  existence  of  polarization 
propensity  rules  for  collinearly  dominated  reactions  as  well  as  of  the  existence 
of  a  dynamic  Feshbach  resonance  in  this  system.  An  angular  momentum 
decoupling  approximate  scheme  for  solving  the  Schrodinger  equation  for 
this  reaction  has  been  tested  and  shown  to  lead  to  accurate  results.  The 
formalism  has  been  extended  to  dissociative  and  many-body  recombinative 
processes  as  well  as  to  electronically  non-ad iabatic  ones.  This  field  is  in  its 
infancy,  and  substantial  progress  is  expected  in  the  future,  leading  to  the 
development  of  reliable  approximate  methods  capable  of  describing  more 
complex  systems  and  processes. 
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Abstract:  This  paper  discusses  the  theory  of  atom-diatom  exchange  collisions 
without  breakup.  Methods  involving  a  direct  solution  of  the  SchrOdinger 
equation  by  accurate  and  approximate  techniques  are  described.  The  main 
focus  is  on  reactions  on  single  electronically  adiabatic  potential  energy 
surfaces,  with  some  consideration  given  to  two  electronic  state  calculations. 


1.  Introduction 

The  only  accurate  three-dimensional  (3D)  quantum  mechanical  calculations 
of  the  cross  sections  of  bimolecular  chemical  reactions  performed  so  far  have 
utilized  coupled-channel  techniques  for  solving  the  SchrOdinger  equation  in  con¬ 
figuration  space.  We  will  describe  the  nature  of  such  methodB  as  well  as 
approximations  derived  from  them.  The  paper  by  D.  Micha,  in  this  volume,  will 
include  the  use  of  transition  operator  methods  for  dealing  with  these  problems, 
including  breakup  processes.  More  comprehensive  reviews  have  appeared 
recently1-1)  or  will  appear  soon. 4)  Because  of  possible  transferability  to  few- 
body  nuclear  problems,  methodology  rather  than  results  will  be  emphasized. 


2.  Electronically  adiabatic  expansion 

In  view  of  the  interdisciplinary  nature  of  this  Conference,  and  the  diversity 
of  nomenclature  used  by  the  different  disciplines  involved,  we  will  first  consider 
a  general  formulation  of  the  molecular  scattering  problem  in  order  to  introduce 
the  language  and  solution  methodologies  involved.  Let  us  consider  a  general 
molecular  system  and  denote  by  r  and  R  the  complete  sets  of  spatial  electronic 

and  nuclear  coordinates,  respectively,  needed  to  position  these  particles.  We 
write  the  hamiltonian  of  the  system  as 

H(r,  R)  =  Te(r)  +  Tn(R)  +  V(r,R),  (1) 

where  T*(r)  and  Tn(R)  are  the  electronic  and  nuclear  kinetic  energy  operators, 
and  V(r,R)  denotes  the  coulombic  interaction  energy  among  all  the  molecular 

electrons  and  nuclei.  Spin- spin  and  spin-orbit  interactions  are  assumed  to  be 
small  for  the  low  atomic  weight  systems  considered  here  and  are  omitted  in  Eq. 
(1).  They  can  be  included  a  posteriori  by  perturbative  techniques.  In  what 

follows,  electronic  and  nuclear  spin  appear  only  through  the  Pauli  principle.  We 
now  define  an  electronic  hamiltonian  by 

He(r;  R)  =  T*(r)  +  V(r,R)  ,  (2) 

A  A  A  A  A 
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which  differs  from  the  total  one  of  Eq.  (1)  only  by  the  absence  of  the  nuclear 
kinetic  energy  operator  Tn.  The  electronically  adiabatic  Born-Oppenheimer 
wavefunctions  $>r(r;R)  are  defined  as  the  electronically  bound  eigenfunctions  of 
H®  which  satisfy1  fh^  Pauli  principle  for  the  electrons: 

^(rtRl^friR)  =  Efd(R)*f(r;R)  (3) 

The  symbol  i  specifies  the  complete  set  of  quantum  numbers  needed  to  define  the 
electronic  state  of  the  system.  The  eigenvalues  Efd(R)  depend  on  that  state  and 
on  the  positions  of  the  nuclei  and  constitute  the  electronically  adiabatic 
potential  energy  (hyper)  surfaces.  The  nature  and  properties  of  these  surfaces 
and  of  their  interactions  determine  the  structural  and  dynamical  properties  of 
bound  and  unbound  molecular  systems  and  distinguish  them  from  nuclear  and 
elementary  particle  ones.  The  theoretical  calculation  of  these  surfaces  is  an 
important  objective  of  the  field  of  quantum  chemistry ,*)but  is  outside  the  scope  of 
this  review. 

We  now  expand  the  electronic-nuclear  wave  function  g'(r.R)  in  the  Born- 
Oppenheimer  states: 

*(r,R)  -  2>"(H)*f(r;R)  (4) 

i 

The  g>?(R)  are  nuclear  wavefunctions  that  are  independent  of  the  electronic  coor¬ 
dinates.''  Their  determination  can  be  achieved  by  replacement  of  this  expansion 
into  the  SchrOdinger  equation,  which  leads  to  the  coupled  equations, 

[t'Vr)  +  Ef^RJJg/^R)  +  Zr<*f|Tn!*f,>  +  2<«f  |v"kf/>  *Pnl^(R) 

=  E^n(R)  ,  (5) 

where  vn  and  pn  are  the  total  nuclear  velocity  and  momentum  operators,  respect¬ 
ively,  and  E  ~  the  total  system  energy.  In  this  expression,  the  sum  over  i' couples 
different  electronically  adiabatic  states  ttirough  the  dependence  of  the  Born- 
Oppenheimer  electronic  wavefunctions  $r(r;R)  on  the  nuclear  coordinates  R. 

The  Born-Oppenheimer  approximatrion  is  ~  obtained  bv  assuming  that  this  sum 
can  be  neglected  with  respect  to  the  other  terms  in  Eq.  (5): 

H"(R)^"(R)  =  E^(R)  ,  (6) 

where 

H"(R)  *  Tn(R)  +  E*d(R)  (7) 

is  the  effective  nuclear  hamiltonian  and  is  made  to  satisfy  the  Pauli  principle 
for  the  exchange  of  identical  nuclei.  In  this  approximation,  different  electronic 
states  do  not  couple  with  one  another.  It  breaks  down  in  regions  of  nuclear  con¬ 
figuration  space  for  which  different  potential  energy  surfaces  approach  one 
another  or  at  high  enough  nuclear  kinetic  energies  for  the  coupling  terms  to  be 
non-negligible.  Under  these  conditions,  Eq.  (5)  rather  than  (8)  must  be  used  to 
solve  the  nuclear  motion  problem,  with  as  many  electronic  states  i'  included  as 
needed  to  appropriately  describe  the  physical  system  under  consideration. 

The  central  goal  in  the  scattering  theory  of  molecular  collisions  is  to 
obtain  solutions  to  Eqs.  (6)  and  (7)  that  satisfy  the  appropriate  nuclear  motion 
boundary  conditions  that  characterize  the  physical  process  being  considered. 

The  rest  of  this  paper  is  devoted  to  this  topic. 
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3.  The  mapping  of  potential  energy  surfaces  for  triatomic  systems 

Consider  a  system  of  three  nuclei  Ay  Ay,  A* 
and  let  R£,  r'x  be  the  position  vectors  indicated  in  the 
figure  at  the  right.  rx  is  the  A^  to  A^  vector  and  \ 

that  from  the  center  of  mass  G  *  »  of  those  two  \ 

\ 

particles  to  Ay  yx  is  the  angle  in  the  0  to  v  range  \ 

between  those  two  vectors.  Excluding  the  kinetic  yx  Jk  ^A  A^ 

energy  of  the  center  of  mass  of  the  triatomic  .  (  \ 

system,  the  nuclear  motion  hamiltonian  of  A  r  \ 

Eq.  (7)  is  *  £x  Av 

vw^’V  •  ,8> 

where  pVK  and  px  VK  are  appropriate  reduced  masses  and  V  is  the  electronically 

adiabatic  potential  energy  surface  E?*1.  It  is  convenient  to  introduce  the  mass- 
scaled  coordinates1) 

5x  =  ax« x  =  *x  *  (»> 

in  terms  of  which  the  nuclear  hamiltonian  becomes 

H(Sx'Ex>  *  -  - *rx'  *  WV'vV  •  <t»> 

and 

p  =  [mxm„mJC/  +  mv  +  m^  >]*  (ID 

is  a  mass  that  is  unchanged  if  v  or  k  coordinates  are  used  instead  of  the  X  ones. 
A  X  —  v  coordinate  transformation  is  a  rigid  rotation  in  6D  configuration  space.*) 
In  order  to  map  the  potential  energy  surface  V,  we  define  a  3D  subspace  of  this 
configuration  space  by  the  spherical  polar  coordinates  p,  u  ,  and  y.  where  p  and 
are  defined  by  A 


p  -  <Rx*rl>* 

"x  ■  **»»“<  W 


0  s  0>x  as  f 


The  hyperspherical  distance  p  is  the  same  in  v  and  k  coordinates,  and  the  factor 
2  in  the  expression  for  the  hyperangle  w.  is  chosen  to  establish  a  one-to-one 
correspondence  between  internal  A  configurations  of  the  triatomic  system 

and  points  P(p,<*>x,yx )  of  the  map.T) 

A  schematic  map  of  a  V  =  constant  surface  in  this  3D  space  is  given  in  Fig. 
1,  for  a  system  in  which  the  three  diatomics  A|/AK ,  AJfAx,  and  A^A^  are  stable. 

The  three  tubular  regions  along  the  axes  labeled  Z^,ZV,ZK  represent  those  iso¬ 
lated  diatoms.  For  a  system  for  which  only  one  of  those  diatoms  exists,  such  as 
He  +  H,  in  its  ground  electronic  state,  only  one  such  tube  exists,  as  indicated 
schematically  for  the  equipotential  surface  of  Fig.  2.  It  is  a  useful  property  of 
the  polar  mapping  described  above  that  a  p,u>yYk  -  P,<*>V,YV  transformation  is  a 

rigid  rotation  in  this  3D  space  around  the  Yx  cartesian  axis  of  this  map. 
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The  hatched  enclosed  area  on  the  bottom  of  part  (b)  of  that  figure  indicates 
the  relatively  narrow  classically  accessible  passageway  at  a  total  energy  of 
0.  6  eV  (measured  from  the  bottom  of  the  isolated  H,  ground  electronic  state  well) 
which  connects  the  arrangement  channels  A„  +  A  Aa  and  Aa  +  A  A„.  An  under- 

y  «  p  p  y  ” 

standing  of  this  internal  topography  is  of  primary  importance  for  the  develop¬ 
ment  of  practical  accurate  or  approximate  methods  for  solving  the  three-body 
quantum  mechanical  rearrangement  scattering  problem. 


4.  Scattering  formalism  in  body-fixed  coordinates 

A  convenient  set  of  coordinates  in  which  to  describe  the  scattering  problem 
is  rX,yA’^\’  where  Rx,rx,yX  have  been  Prevlou8ly  defined,  6^,  <t>x  are 

the  Euler  angles  of  in  a  laboratory- fixed  frame,  and  ^  is  the  angle  between 
the  R^,  r^  plane  and  the  R^,  z  plane  where  z  is  a  laboratory- fixed  axis. 

If  the  nuclear  motion  wavefunction  is  expanded  in  partial  waves  as 

*<8x-Sx>  ■  2  <4.*™  0* 

JM 

and  the  partial  waves  as 

*jM(Kx*rx,yx>sx’<W  =  ^  DMCx(^x’fix'0)Yjxnxfyx’,*'x'wjjxnx(Rx'rx)(14) 

°x^x 

the  distance-dependent  functions  w*  can  be  shown  to  satisfy  the  coupled  partial 
differential  equations*) 

JXjx  X  J>ix  Jl  -*JX  ^x 

tnx,nx-iwjjx,nx- 1  +  tcxnx  wJ)xfix  +  tnx,nx+lWJJx,nx+1 


where 


+  Z  v*  ,M,»o  •  Ew*  n  ,  (15) 

Vx  J,xMx  J)x“x 
Jx 


Co  A-H't  4v* 

WXIJX  A  A  2(1  Rx  3Rj  a  rX  3rx  A  2pR* 


+  [J(J  +  1)  -  20x  +  jx(Jx  ♦  D]  (16) 
2(iRx 


JXj*  n*  i  i 

Vo^iOV  =  -  ^[J<J  ♦  «  -  «x<nx  ♦  "rthflK  ♦  l>  ■  Vx  *  l>]*  <17> 

xn. 

The  only  terms  that  couple  f^,  the  quantum  number  of  the  component  of  total 


(18) 
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angular  momentum  in  the  R.  direction,  are  those  in  the  tumbling  motion  opera- 

tors  which,  for  many  exchange  reactions,  are  small.  Their  neglect 

leads  to  the  angular  momentum  decoupling  approximations  described  in  Sec.  5. 

Equation  (15)  may  be  solved  numerically  by  expansion  in  local  vibrational 
eigenfunctions,  with  different  coordinates  used  in  different  regions  of  Rx,  r^ 


configuration  space.*)  Natural  collision  coordinates  (NCC)  can  be  used  instead 
of  R^>rx>?V*’10)  38  as  hindered  rotor  basis  sets  for  that  expansion.*) 


These  NCC  involve  a  translation  coordinate,  a  vibration  coordinate,  and  a  bend¬ 
ing  angle  between  the  and  r  vectors.  Integration  of  the  coupled  ordinary 


differential  equations  resulting  from  Eq.  (1 5)  or  their  analogs  in  different  tubular 
regions  of  the  3D  internal  configuration  space  requires  matching  on  appropriately 
chosen  separation  surfaces  between  those  regions  such  as  planes*)  or  more 
complicated  surfaces.  >*)  Once  smoothly  continuous  solutions  of  the  nuclear 
motion  SchrBdinger  equation,  valid  everywhere  in  configuration  space,  are 
thereby  determined,  the  scattering  matrix  is  obtained  and  from  it  the  desired 
cross  sections.*'10)  The  Pauli  principle  for  exchange  of  identical  nuclei  is 
imposed  by  post-antisymmetrization  techniques. 

The  only  accurate  quantum  mechanical  3D  exchange  reaction  calculations 
performed  so  far  are  for  the  H  system.  Two  of  these  calculations  agree 
quite  well.*»10)  The  third  one*)  gives  slightly  different  transition  probabilities 
and  integral  cross  sections,  due  in  part  to  the  use  of  a  slightly  different  potential 
energy  surface  and  in  part  to  incomplete  convergence.  Only  one  of  these  calcula¬ 
tions*)  was  performed  for  sufficient  partial  waves  to  a  sufficient  degree  of  con¬ 
vergence  of  both  the  magnitudes  and  the  phases  of  the  scattering  matrix  elements 
to  yield  accurate  angular  distributions. 


5.  Approximate  methods 

The  methods  described  above  will  probably  be  able  to  generate  accurate 
results  for  only  a  relatively  small  number  of  benchmark  systems  because  of  the 
extensive  amount  of  computation  involved.  Approximate  methods  for  solving  the 
SchrOdinger  equation  that  do  not  introduce  major  distortions  in  the  nature  of  the 
results  will  play  a  central  role  in  the  future  of  chemical  dynamics.  A  few  of 
these  methods  are  discussed  below. 


5. 1  ANGULAR  MOMENTUM  DECOUPLING  APPROXIMATIONS 


In  these  approximations,  the 


terms  in  Eq.  (15),  or  their  counter¬ 


parts  in  formulations  using  other  systems  of  coordinates  are  neglected.  This 
produces  a  high  degree  of  decoupling  of  the  equations,  which  greatly  simplifies 
the  calculations.  Further  approximations  in  the  angular  momentum  part  of 


JXJx 


[see  Eq.  (16)]  are  usually  also  introduced.  “»“) 


Wyatt  and  co-workers  decoupled  the  component  of  total  angular  momentum 
along  a  body-fixed  axis  which  goes  smoothly  from  reactants  to  products,  for  the 
H  +  H*1*)  and  F  +  H^4)  systems.  Kuppermann  and  co-workersls)  decoupled  the 
component  of  total  angular  momentum  on  the  relative  approach  vector  in  each  of 
the  three  arrangement  channel  regions  of  the  H  +  H,  system  and  matched  the 
solutions  on  separation  planes.  The  state-to- state  reactive  scattering  results 
are  accurate  to  better  than  10%  for  H  +  H,.  Kouri  and  co-workers1*)  use  the 
infinite  order-sudden  approximation  and  a  simple  approach  to  transform  from 
one  arrangement  channel  to  another.  The  state-to-state  cross  sections  may  be 
off  by  orders  of  magnitude,  but  average  values  are  nevertheless  quantitatively 
correct. 
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5. 2  DISTORTED  WAVE  BORN  APPROXIMATION 

This  approach  was  first  introduced  by  Micha,T)  and  applied  since  in  several 
versions  by  several  workers. “"**)  If  adiabatically  distorted  internal  states  are 
used,  the  method  seems  to  work  well  at  low  collision  energies. 

5.  3  SEMI-CLASSICAL  AND  CLASSICAL  APPROXIMATIONS 

The  semi-classical  methods  were  introduced  by  Miller”)  and  by  Marcus1*) 
in  the  early  1970's,  and  have  been  reviewed  recently.  *»*«)  They  work  well  for 
collinear  collisions,  but  do  not  furnish  long-lived  resonances  without  major 

-  M _ A.  m. _ I _ A. _ _  .Ill  A  _  1  ,  1.  . 


They  are  difficult  to  apply  to  3D  reactive  systems  and  their  use  has  been  limited. 
The  quasi-classical  trajectory  approximation,  **)  on  the  other  hand,  has  been 
extensively  used1)  and  gives  qualitatively  correct  results  away  from  threshold.*) 

5.4  COLLINEAR  APPROXIMATION*) 

By  confining  thd  three  atoms  to  a  space-fixed  straight  line,  configuration 
space  is  reduced  from  six-dimensional  to  two-dimensional.  For  "collinearly 
dominated"  potential  energy  surfaces  (i.  e. ,  those  that  have  a  pronounced  mini¬ 
mum  for  collinear  configurations),  this  approach  gives  the  correct  qualitative 
dependence  of  reaction  probabilities  on  reagent  energy.*)  It  also  serves  as  a 
testing  ground  for  approximate  methods  for  solving  two-dimensional  problems, 
which  can  then  be  extended  to  six-dimensional  ones. 


6.  Calculations  for  systems  leading  to  changes  in  electronic  state 

In  chemiluminescent  reactions  and,  in  many  cases,  ion-molecule  reactions, 
the  products  can  be  on  a  different  electronic  potential  energy  surface  than  the 
reagents,  implying  a  breakdown  of  the  Born-Oppenheimer  approximation.  In 
order  to  perform  calculations  on  such  systems,  at  least  two  potential  energy  sur¬ 
faces  and  their  couplings  must  be  used.  This  has  been  done  for  a  few  model 
collinear  systems,  among  which  are  the  Ba  +  N,0  —  BaO*  +  N,,*6)  H*  +  H,  — 

Hj  +  H,**)  and  Ar+  +  H,  -  ArK*  +  H**)  reactions.  The  position  of  the  seam 
between  the  surfaces  greatly  influences  the  probability  of  forming  excited  state 
products.  *•) 

This  work  was  supported  in  part  by  a  contract  (No.  F49620-79-C-0187) 
from  the  U.  S.  Air  Force  Office  of  Scientific  Research. 
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